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CHAPTER I 
INTRODUCTION 
BACTERIOPHAGE M13 
As during the last 25 years bacterial and phage genetics have been fo-
cussed to a very large extent on the bacterium Escherichia coli and its 
various phages, their chromosomes have been quickly becoming the best 
understood of all genetic material. Bacteriophages which only can in-
fect Escherichi coli carrying the F transmissable sex factor, include M13, 
fd, fl, ZJ/2, EC9, AE2 and 6A. Of these, the filamentous phages M13, fd 
and fl have been most intensively studied during the last ten years (for 
a review see Marvin and Hohn, 1969; Denhardt, 1975; Ray, 1977). They ex-
ert a unique relationship with their host bacteria. After infection 
of the cell, viral DNA replication and phage protein synthesis 
is programmed in such a way that filamentous phage particles 
are formed and extruded through the host cell membrane in a continuous 
fashion whereas the infected cell continues to grow though at a slightly 
reduced rate. Thus, unlike most other coliphages, they do not lyse their 
host. 
Bacteriophage M13, which forms the subject of this thesis, is a rod-
shaped phage particle of about 6 nm in diameter and 1 um in length (Marvin 
and Hohn, 1969). It is composed of a single-stranded circular DNA mole-
cule of 6407 bases (van Wezenbeek et al, 1980; this thesis) which is sur-
rounded by a capsid of several phage encoded proteins named A through D. 
The B-protein is the major component of the protein tube (Marvin and 
Hoffmann-Berling, 1963; Marvin, 1966; Marvin and Schaller, 1966; Frank 
and Day, 1970). These protein monomers form a left handed helix around 
the central core with 4.5 molecules per turn (Marvin et al, 1974a,b; 
Berkowitz and Day, 1976; Day et al, 1980). 
Investigations from our laboratory and others (Pratt et al, 1969; 
Marco, 1975; Woolford et al, 1977; Goldsmith and Königsberg, 1977; Simons 
et al, 1981b; Grant et al, 1981) have shown that the ends of the filament 
are structurally different in that they contain a distinct' number of the 
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other phage encoded proteins. One end contains the proteins A and D, 
whereas the other end of the phage contains the two C-protein components. 
In the following sections a short survey on the present knowledge of 
bacteriophage M13 will be given. The information which, directly or indi­
rectly, is derived from the nucleotide sequence analyses of the M13 genome, 
as presented in Chapters II, III and IV of this thesis, are included in 
this synopsis. 
MIS GENES 
Genetic studies of the filamentous coliphages were initially carried out 
by Pratt and coworkers (Pratt et al, 1966; Pratt and Erdahl, 1968). They 
collected a large number of amber and temperature sensitive mutants. By 
genetic complementation studies with these mutants they have classified 
8 genes on the M13 genome which have been indicated by Roman numerals I 
through VIII. 
Construction of the genetic map was established by recombination ex­
periments (Lyons and Zinder, 1972), application of the marker-rescue tech­
nique (van den Hondel etol, 1975b; Horiuchi ctal, 1975; Vovis etal, 1975; 
Seeburg and Schal 1 er, 1975 ; Ravetch et al, І977а ) and by in vitro protei η syn-
thesis under the direction of M13 DNA (Koninqs et al, 1975; van den Hondel et al, 
1975a). Of the eight M13 genes Konings et al (1973, 1975) and Model and Zinder 
( 1974) were able to identify 6 polypeptides by coupled in vitro transcription-
translation studies (products of genes VIII, V, IV, III, II, I). In addition, 
they detected a viral polypeptide, called X-protein, which could not be as­
signed to any of the known genes. 
After elucidation of the nucleotide sequence (van Wezenbeek et al, 1980; this 
thesis), exact localization of al 1 genes , including gene X, became possible (Fig 
1). Moreover, the existence of a new gene, gene IX, has been postulated (Hulsebos 
and Schoenmakers, 1978; Schal 1er étal, 1978). By making use of the predicted 
amino acid sequence of this gene and that of the genes VII and VI, the products en-
coded by these genes are recently identified as capsid proteins (Simons et al, 
1979, 1981b). Identification of gene products in the infected cell, however, is 
limited to gene V- and gene VHI-proteinwhich can be detected in large amounts 
(Smilowitz et al, 1972; Webster and Cashman, 1973; Pratt et al, 1974; 
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Fig 1 Circular genetic map of bacteriophage M13. Genes are indicated by 
Roman numerals. 'X' refers to the C-terminal part of gene II which 
forms an in phase overlapping gene. The direction of transcription is 
counterclockwise around the genetic map. The bars refer to promoters lo-
cated on the M13 genome with the aid of in vitro transcription studies. 
The position of the central terminator of transcription is as indicated. 
IG refers to the intergenic region between the genes IV and II in which 
the replication origins for both the viral and complementary strand are 
located. The arrow indicates the single site at which RF DNA is cleaved 
with ninAW. This site serves as a reference point on the physical map. 
Woolford et al, 1974; Lica and Ray, 1977; Smits et al, 1978) and to the 
gene products of the genes II, IV and III which can be found as minor com-
ponents (Henry and Pratt, 1969; Webster and Cashman, 1973; Lin and Pratt, 
1974; Smits et al, 1978). 
With regard to the function of their products, the M13 genes can be 
divided into three gene clusters. The first cluster encompasses the 
the neighbouring genes VII, IX, VIII, III and VI. Their encoded products 
(C-, B-, A- and D-protein of which C-protein is a mixture of gene VII-
and gene IX-product) are all found to be present in the mature phage par-
ticle (Marvin and Hoffmann-Berling, 1963; Marvin, 1966; Marvin and Schal-
ler, 1966; Rossomando and Zinder, 1968; Henry and Pratt, 1969; Beaudoin, 
1970; Frank and Day, 1970; Wiseman et al, 1972; Simons et al, 1979, 
1981a,b). The second cluster consists of genes I and IV. The function of 
their products is not yet clear, but there exists indirect evidence that 
they are involved in the assembly process of the phage particle. The 
third cluster encompassing genes II and V code for products involved in 
replication of the phage DNA. The function of gene X is at present un-
known. 
INFECÍ'ІОП CYCLE OF PHAGE MIS 
Bacteriophage M13 infects the male E.ooli cell by attaching one of the 
two virion ends to the tip of the F-pilus (Marvin and Hohn, 1969). Then, 
the whole virion is transferred to the cell membrane. The A-orotein or 
adsorption protein, which is the product of gene III, plays an important 
role in this process (Rossomando and Zinder, 1968; Henry and Pratt, 1969; 
Pratt et al, 1969). It has a function in the attachment of the virus to 
the host receptor (Pratt et al, 1969) and it may also function in pene­
tration (Marco et al, 1974). Furthermore, the disintegration process of 
the virion particle is most probably coupled to the initiation of DNA 
replication (Jazwinski et al, 1973). It is hypothesized that gene III-
protein functions as a pilot protein guiding the DNA to a membrane as­
sociated cellular replicative sytem (Jazwinski et al, 1973; Kornberg, 
1974). 
During the disassembly process, the major coat protein (B-protein) is 
stripped off the DNA and deposited in the bacterial bilayer inner-mem­
brane where it can be re-used during assembly of progeny viruses (Smilo-
witz, 1974). 
Replication of viral DNA is believed to occur in three steps: 
1. Conversion of the parental single-stranded viral DNA into double-stranded 
replicative form DNA (SS->RF). During the first stage of 
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replication only host functions are required (Brutlag et al, 1971; 
Fidaniàn and Ray, 1972; Wickner et dly 1972; Geider and Kornberg, 1974). 
Complementary strand synthesis is initiated by the synthesis of a short 
RNA primer in a double-stranded loop structure of the viral DNA and is 
completed by DNA polymerase III holoenzyme (Geider et al, 1978). After 
one round of replication the primer RNA is replaced through DNA poly-
merase I and the gap is closed by E.coli DNA ligase. The covalently clos-
ed relaxed DNA (RF-IV) is converted by DNA gyrase into the supertwisted 
RF-I molecule (Yasumoto and Hurwitz, 1977; Marians et al, 1977) 
2. Replication of RF to form a pool of progeny RF (RF+RF). During the 
first 10 min of the infection cycle 100-200 progeny RF molecules are 
synthesized (Hohn et al, 1971). The RF replication appears to be associat-
ed with the bacterial membrane system (Forsheit and Ray, 1971; Stauden-
bauer and Hofschneider, 1971, Kluge et al, 1971; Griffith and Kornberg, 
1972; Webster and Rementer, 1980) and occurs presumably by a rolling 
circle mechanism (Gilbert and Dressier, 1969). In addition to a number 
of host proteins (Brutlag et al, 1971, Fidaniàn and Ray, 1972, 1974; 
Olsen et al, 1972; Staudenbauer et al, 1973; Staudenbauer, 1974; Ray et 
al, 1975; Mitra and Stallions, 1976; Dasgupta and Mitra, 1976; Haldenwang 
and Walker, 1977), the M13 gene II-protein plays a crucial role in this 
process. It introduces a nick at a well-defined site of the replicative 
form I-molecule thereby generating a З'-OH terminal end in the viral 
strand of the now relaxed duplex RFII-DNA (Meyer et al, 1979). 
DNA synthesis starts by elongation of the DNA strand from the З'-site of 
the nick, making use of the unni eked, complementary strand as a template. 
After one round of synthesis, gene II-protein again nicks the DNA at its 
specific site to generate RF-II and a viral single strand. Since the pro­
tein has in addition a closing activity, ring closure is supposed to be 
mediated by this enzyme (Geider and Meyer, 1979). 
3. Asymmetric replication of single-stranded viral DNA by displacement 
of old viral strands and concommittant synthesis of new viral strands 
(RF->-SS). The amount of gene V-protein in the cell determines whether the 
pathway of replication produces RF or single-strands (Salstrom and Pratt, 
1971; Mazur and Model, 1973; Mazur and Zinder, 1975). As replication pro­
ceeds, more RF molecules become available for transcription and trans­
lation which results in an increase of the amount of gene V-protein. This 
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protein binds strongly and in a cooperative manner to single-stranded 
DNA (Oey and Knippers, 1972; Alberts et al, 1972). In this way synthesis 
of the complementary strand late in infection is prevented. Besides the 
gene V- and gene II-protein (Lin and Pratt, 1972; Tseng and Marvin, 1972) 
also several host functions are required for the synthesis of the viral 
DNA strand (Mitra and Stallions, 1973; Staudenbauer, 1974; Ray et al, 
1975). 
In all three steps mentioned, only two mechanisms are required (Horiu-
chi and Zinder, 1976; Eisenberg et al, 1976; Koths and Dressler, 1978): 
1. synthesis of a complementary strand on the single-stranded template 
resulting in the formation of double-stranded RF molecules (SS->RF) and 
2. displacement synthesis of the viral strand on double-stranded RF DNA 
resulting in a new RF DNA molecule and a viral single-stranded mole-
cule. 
Both origins, the minus (complementary) strand origin and the plus (viral) 
strand origin are located close to each other within the intergenic region 
between the genes IV and II. 
Progeny viral DNA is not present in the infected cell in a free form, 
but, instead the DNA is covered completely with gene V-protein molecules. 
This gene V-protein - DNA complex appears to be loosely associated with 
the inner cell membrane (Webster and Cashman, 1973; Pratt et al, 1974). 
The DNA passes from this complex through the bilayer membrane, is covered 
there by gene VHI-protein molecules and finally emerges outside the cell 
as a mature phage particle (Webster and Cashman, 1978). During this pro-
cess, the gene V-proteins are displaced into the cytoplasm and can be re-
used to withdraw single-stranded DNA molecules from RF synthesis (Pratt 
et al, 1974). 
On genetical grounds, it is known that maturation of the phage particle 
requires the products of the genes I, III, IV, VI, VII and VIII (Pratt et 
al, 1966; Marvin and Hohn, 1969). The specific role which some of these 
proteins play in morphogenesis is not yet clearified. It is suggested 
that gene VII- and IX-protein are involved in the association process of 
the gene V-protein DNA complex, whereas the gene III- and VI-proteins may 
function as cut off agents for further tubular growth at the final stage 
of packaging (Mazur and Zinder, 1975; Simons et al, 1981b). Nothing is 
known about the function of the products of the genes I and IV. 
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As mentioned before, the products of the genes VII, IX, VIII, III and VI 
are also structural components of the mature phage particle. Two of these 
proteins, namely gene VHI-protein and gene Ill-protein are subject to 
post-translational processing (Konings et al
s
 1975), splitting off a hydro­
phobic N^-terminal leader peptide (Chapter III). In the infected cell, 
these proteins have found to be associated with the cytoplasmic membrane 
(Smilowitz et al, 1972; Lin and Pratt, 1974; Pratt et al, 1974). Exten­
sive studies are now being made on these proteins, especially gene VIII-
protein, in order to get a better understanding on the way membrane pro­
teins are synthesized and transported across the membrane (Webster and 
Cashman, 1978; Chang et al, 1978, 1979; Ito eb al, 1979, 1980; Mandel 
and Wickner, 1979; Qate et al, 1980). 
ЫІЪ GET¿ EXPRESS IOS 
In the infectedce.il, very large amounts of the products of gene V and 
gene VIII can be detected (Henry and Pratt, 1969; Smilowitz et al, 1972; 
Webster and Cashman, 1973; Pratt et al, 1974; Woolford et al, 1974; Lica 
and Ray, 1977; Smits et al, 1978). In addition, substantial amounts of 
the products of gene IV and gene X are synthesized in coupled transcrip-
tion-translation systems (Model and Zinder, 1974; Konings et al, 1975). 
These data on protein synthesis suggest that the expression of the in-
dividual M13 genes is under regulatory control. Such a control can oper-
ate at the level of transcription, RNA processing, messenger stability, 
translation or protein decay. 
Transcription studies in vitro on filamentous phage RF DNA have shown 
that nine promoters are present on the DNA genome (Okamoto et al, 1975; 
Seeburg and Schaller, 1975; Edens et al, 1976, 1978a,b). They are locat-
ed in front of all genes with the exception of gene VIII, the promoter 
of which is located just in front of its proximal gene IX, and gene VII 
which is not equipped with a promoter at all (Chapter IV). RNA molecules 
initiated at these sites are thought to be transcribed in only one di-
rection (counterclockwise in Fig 1) and to be terminated at a single 
transcription termination site (Jacob and Hofschneider, 1969; Sugiura 
et al, 1969; Pieczenick et al, 1975; Chan et al, 1975; Edens et al, 1975, 
1976, 1978a; Smits et al, 1978). Such a cascade-like mechanism of trans­
cription leads to a stepwise gradient of transcriptional activity. Thus, 
the region most abundantly transcribed codes for the proteins of gene V 
and gene VIII, whereas gene III is transcribed with the lowest frequency. 
However, such a diversification of transcription cannot completely ac­
count for the different amounts of M13-specific proteins observed, since 
proteins encoded by gene VII and gene IX, located in between the abundant­
ly transcribed gene V and gene VIII, can hardly be detected. Therefore, 
one has to conclude that regulation of protein synthesis occurs also at 
a translational level. 
Recent studies have been mainly focussed to investigate whether the 
cascade transcription model is also operating in the infected cell. By 
sequence analyses of the 5'- and З'-terminal ends of the 8S RNA message 
(initiated at G 0. 1 8) Rivera et al (1978) have demonstrated that this RNA, 
isolated from the infected cell, is completely identical to its in vitro 
counterpart. 
Smits et al (1980) have identified several other RNA species in the 
infected cell, the characteristics of which are very similar to the in 
vitro detected RNA species, which suggests that at least a number of RNA 
messages initiate their synthesis at the same promoter both in vitro and 
in vivo. A similar conclusion can be drawn from our cloning experiments 
described in Chapter V of this thesis. 
It seems now that in the infected cell a cascade mechanism of trans­
cription is operating with respect to the M13 genes II through VIII. In 
addition, however, RNA species transcribed from this region are formed 
as a result of processing reactions which possibly can be seen as a re­
finement of the gene expression (Cashman and Webster, 1979; Smits et al, 
1980; Cashman et al, 1980). 
In contradiction with the mul ti-promoter single-terminator model is 
the finding of a p-dependent ir. vitro transcription termination signal 
distal to gene IV (Edens, 1978). Evidence is accumulating that also in 
vivo this signal is operating (Smits et al, 1980). In addition, in the 
infected cell a termination signal operates distal to gene VI. It seems 
therefore that the cascade transcription model proposed on the basis of 
in vitro studies is only partially valid in the infected cell. 
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USE OF M13 DM SEQUENCES IN RECOMBINANT DNA MOLECULES 
During the last few years M13 DNA sequences are extensively used in re-
combinant DNA studies. Such experiments can be divided into three classes: 
1. insertion of foreign DNA into M13 DNA 
2. rearrangement of M13 DNA sequences and 
3. integration of M13 DNA sequences into other vectors. 
It has been shown that relatively large pieces of DNA can be inserted into 
filamentous phage DNA without destroying viability of the phage (Ray and Kook, 
1978; Hermann etat, 1978b, 1980; Gronenborg and Messing, 1978; Ohsumi etal, 
1978; Nomura et al, 1978; Ravetch etal, 1979b; Kaguni and Ray, 1979; Kaguni 
et al, 1979; Barnes» 1979; Boeke et al, 1979; Winter and Fields, 1980; 
Zacher et al, 1980; Hiñes and Ray, 1980). Integration of foreign DNA se-
quences into M13 DNA provides easy access to large amounts of this DNA 
in the single-stranded configuration by simply preparing virions and iso-
lating their DNA. DNA in a single-stranded form is particularly useful 
since it can act as template for DNA sequencing using the methods of 
Sanger and coworkers (Sanger and Coulson, 1971; Sanger et al, 1977a). 
For this purpose, M13 cloning vehicles (Messing et al, 1977, 1981; 
Gronenborg and Messing, 1978) and suitable primers have been constructed 
(Anderson et al, 1980; Heidecker et al, 1980; Messing et al, 1981). Other vec-
tors сап easily be constructed since the complete nucleotide sequence of bac­
teriophage M13 is elucidated (van Wezenbeek etal, 1980; this thesis). Single-
stranded DNA is also of advantage for the application of site specific 
mutagenesis (Razin et al, 1978; Hutchinson et al, 1978; Gillarn and Smith, 
1979a,b). Moreover, insertion of cloned DNA in either of the two possible 
orientations provides DNA which can be used as a strand-specific hybrid­
ization probe. Phage functions of recombinants are only retained if se­
quences are inserted in sites where interruption of the M13 sequence is 
allowed. Otherwise, the RF DNA will be maintained in the host cell as a 
Plasmid (Nomura et al, 1978; Herrmann et al, 1978a). Such sites are i-
dentified in the intergenic region between the genes IV and II. Propaga­
tion of recombinant phages with insertions at other sites is generally 
dependent on wild-type helper phage. 
Reorganization of certain regions of the filamentous phage genome 
might be useful in studying its regulation and expression. Recently, two 
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such rearrangements have been described. First, Moses et al (1980) have 
inserted a DNA fragment from wild-type fl RF DNA containing gene VIII 
with its preceding promoter and the central terminator of transcription 
into the intergenic region of a M13gene VIII amber mutant. They found 
that the inserted gene is expressed at the same level relative to avail-
able transcriptional RF DNA as the major coat protein from the wild-type 
phage. They suggest therefore that the large amount of gene VIII coat 
protein is predominantly a consequence of the presence of 8S RNA, which 
is initiated in front of gene VIII, and is not due to the location of gene 
VIII on mRNAs transcribed from upstream promoters. In other words, the a-
bundant synthesis of gene VHI-protein cannot solely be explained on the 
basis of cascade transcription but is primarily a result of the amount 
and stability of 8S RNA synthesized. These findings are supported by 
the work of other investigators (Rivera et al, 1978; Cashman and 
Webster, 1979; Smits et al, 1980; La Farina and Model, 1978). 
Second, in order to investigate where termination of the viral 
plus strand synthesis and subsequent closure of the strand occurs, 
Horiuchi (1980) constructed a recombinant phage with a duplication of the 
origins. It is expected that, if the nucleotide sequence of the origin of 
the plus strand synthesis also serves as termination signal, termination 
will occur at the other origin. As a result, viral strands will be synthe-
sized which are shorter than the parental genome, since one origin and 
the fragment between the two origins will be lost. From his experiments, 
it can be concluded that the sequence of the origin is indeed recognized 
also as signal for termination of viral DNA synthesis. Analogous to the 
multifunctional action of the gene A protein of 0X174 (Eisenberg et al, 
1977; Langeveld et al, 1978), gene II-protein may be involved in starting 
plus strand synthesis by nicking RF DNA as well as in termination of syn-
thesis by splitting off the viral strand. 
Insertion of various regions of the M13 genome into other vectors 
might also provide information concerning regulation phenomena of the 
phage genome. By insertion into appropriate plasmids, studies can be made 
in other environments in order to determine which sequences are required 
for a specific function. For instance, Cleary and Ray (1980) have con-
structed a chimeric plasmid by insertion of the M13 origin fragment 
/Zaelll-G into plasmid pBR322. In a host which is non-permissive for the 
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Plasmid replicón this M13 fragment was capable of conferring M13-depen-
dent replication on the plasmid. The Z/acIII-G fragment contains both the 
nucleotide sequence coding for the primer of the complementary strand and 
the origin for viral strand synthesis. Replication in the presence of M13 
helper phage implies that the viral strand origin in the recombinant plas-
mid can be recognized by gene II-protein. In addition, they found that ex-
tension of the insert towards the AT rich sequence in front of gene II 
has a stimulatory effect on the establishment of replication of the chi-
meric plasmid. 
In a similar way, M13 fragments carrying in vivo functioning promoter 
sites can be detected by insertion into promoter-probe pi asmi ds. For such 
studies, plasmid pBRHZ, a derative from pBR322, is very attractive. This 
plasmid is deficient in the initiation site for transcription in front of 
the tetracycline resistance gene. As a consequence, this gene will only 
be expressed under the influence of promoter signals located on DNA frag-
ments which are inserted in front of the latter gene. All M13 promoters 
detected by in vitro transcription studies have been integrated into this 
region of pBRH2 (this thesis). Results from these studies will be discus-
sed in Chapter V. 
DUA SEQUENCE ANALYSIS 
Knowledge of the primary structure of the DNA molecule is a prerequisite 
for understanding gene organization and regulation at the molecular level. 
During the last few years new rapid DNA sequencing methods have become 
available. In all these methods large sets of DNA products are generated 
which differ in length just one nucleotide. Only the resolution of these 
DNA products on denaturing Polyacrylamide gels is limiting to the ex-
tent of the number of nucleotides to be solved in one experiment. 
Sequence analysis of a DNA molecule involves three major steps: 
1. isolation of relatively small homogenous DNA fragments in sufficient 
amounts. Initially, it was not always possible to meet this require-
ment. However, the discovery of the restriction endonucleases, which re-
cognize specific tetra-, penta- or hexanucleotides and hydrolyse DNA mole-
cules at specific sites signified a real break-through in DNA sequence 
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analyses (Smith and Wilcox, 1970; Nathans and Smith, 1975; Roberts, 1981). 
When only small amounts of DNA can be isolated, the DNA molecule can 
eventually be amplified by covalently linking to cloning vectors and sub­
sequent transformation in bacterial cells (Collins, 1977; Timmis et al, 
1978) 
2. labelling with a radioisotope of high specific activity at a specific 
position 
3. specific degradation (or partial synthesis) of DNA fragments in such 
a way as that all intermediates are formed. 
In this section only the three recently developed sequencing methods will 
be described: the enzymatic 'plus and minus' method (Sanger and Coulson, 
1975), the likewise enzymatic dideoxy chain-termination method (Sanger 
et al, 1977a) and the chemical degradation method (Maxam and Gilbert, 
1977). All three methods have been used for the elucidation of the M13 
nucleotide sequence described in this thesis. Earlier methods on DNA se­
quencing and sequencing of DNA through its transcripts are reviewed else­
where (Salser, 1974; Wu et al, 1974, 1976). 
The 'plus and minus ' method 
This method makes use of the enzymes DNA polymerase I and T4 DNA poly­
merase to copy a single stranded DNA molecule under deoxynucleoside tri­
phosphate limiting conditions (Sanger and Coulson, 1975). As a primer 
either chemically synthesized complementary oligonucleotides or annealed 
DNA fragments can be used. In Fig 2 the principle of the method is shown 
with a hypothetical sequence. First, label is introduced by a relatively 
short extension with E.ooli DNA polymerase I in the presence of the four 
dNTPs one of which is labelled in the α-position with 3 2P. The elonga­
tion should be randomly in order to generate as much as possible extension 
products differing at their З'-ends. Thereafter, the mixture is purified 
to remove dNTPs and samples are treated in either the 'plus' or the 
'minus' system. 
The 'minus' system is carried out according to the partial repair 
principle of Wu and Kaiser (1968). The DNA mixture is reincubated with 
DNA polymerase I in the presence of only 3 dNTPs. Elongation will then 
stop if the lacking dNTP is required. Therefore a set of DNA chains will 
arise which are all terminated at a position before the lacking residue. 
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Fig 2 Principle of the 'plus and minus' method (Sanger and Coulson, 
1975). For explanation see text. 
The DNA molecules are then denatured to separate newly synthesized 
strands from the template and fractionated according to size by elec-
trophoresis on Polyacrylamide gel in four parallel lanes. 
As all strands synthesized share a common 5'-end, after autoradio-
graphy a banding pattern of oligonucleotides will arise which differ 
only one nucleotide in length. In addition, bands for example in the 
'minus' dT lane will all have in common that they represent oligonu-
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cleotides of which the first nucleotide to be incorporated is dTMP. 
Similarly, in the other lanes positions of dG, dC and dA will be indi­
cated and, ideally, the nucleotide sequence of the DNA can be read off. 
In the 'plus' system the method of Englund (1972) is adopted. It re­
lies upon the extraordinary high 3'->5' exonuclease activity of the DNA 
polymerase of bacteriophage T4. The mixture of 32Р-1аЬеПегі, randomly 
extended DNA chains described above, is incubated in four parallel re­
actions with this enzyme in the presence of only one dNTP. T4 DNA poly­
merase will degrade double-stranded DNA from its З'-end, however, when 
the nucleoside triphosphate present in the reaction mixture can be in­
corporated, polymerase activity will prevail exonuclease activity. 
Thus, for example in the 'plus' dT system, chains will arise which ter­
minate with dT. After fractionating by electrophoresis on Polyacryl­
amide gel, their position will be indicated by bands on the autoradio-
graph. Usually, these bands are one nucleotide longer than the cor­
responding bands in the -dT system. If there is more than one consecu­
tive dT nucleotide, the distance between the bands in the 'minus' dT 
and 'plus' dT system will indicate the number of such nucleotides. 
As it is difficult to establish the exact number of residues causing 
such a gap in the reading pattern, in addition to the four 'plus' and 
the four 'minus' mixtures a heterogenous mixture of extension products 
without enzyme treatment is applied to the gel. To increase the resolu­
tion of the banding pattern of the gel system, restriction fragments 
which are used as a primer, can be removed before application to the 
gel by cleaving off from the radioactive oligonucleotide with a re­
striction enzyme. 
The ahain-termination method 
The chain-termination method (Sanger et al, 1977a) is in fact an ex­
tension of the 'plus and minus' method. It also uses as a primer re­
striction enzyme fragments annealed to single-stranded DNA to synthesize 
a radioactive copy with DNA polymerase I (Klenow enzyme). However, in 
this method both random elongation of the primer and specific termina­
tion are established in one step. Base-specific extension products are 
obtained by occasional incorporation of 2', З'-dideoxy or arabinonucleo-
side analogues of the normal deoxynucleoside triphosphates as outlined 
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i n Fig 3. 
template DNA 3 
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and electrophoresis of !> mixtures 
С Τ 
Fig Ъ P r i n c i p l e of the dideoxy chain-terminat ion method (Sanger et al, 
1977a). For explanat ion see t e x t . 
Incorporat ion by DNA polymerase I of these analogues i n t o the 3'-hy-
droxyl terminus of an extending elongation product r e s u l t s i n c h a i n - t e r ­
minat ion as a З'-hydroxyl group necessary f o r e longat ion i s no longer a-
v a i l a b l e . Four separate incubations are c a r r i e d out i n the presence of 
the normal deoxynucleoside tr iphosphates one of which i s l a b e l l e d at the 
α - p o s i t i o n w i t h 3 2 P . In a d d i t i o n , one of the four analogues i s added. 
Under appropriate condit ions (depending on the r a t i o ddNTP/dNTP) i n each 
react ion mixture a set of chains w i l l a r i s e which a l l possess the same 
5'-end (primer fragment) and which a l l are s p e c i f i c a l l y terminated (wi th 
the same ddN) at d i f f e r e n t p o s i t i o n s . A f t e r removal of the primer f r a g ­
ment w i t h a r e s t r i c t i o n endonuclease, the four react ion mixtures are 
heat-denatured and run i n p a r a l l e l on a denaturing Polyacrylamide g e l . 
The autoradiograph shows a binding p a t t e r n from which the sequence, l i k e 
i n the 'plus and minus' method, d i r e c t l y can be read o f f . 
The chain-terminat ion method is simple and r a p i d . Furthermore, i t is 
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more reliable than the 'plus and minus' method since in a stretch of the 
same consecutive residues each residue will give rise to a distinguished 
band, thus avoiding a source of error in the 'plus and minus' system 
where the number of such nucleotides has to be estimated. 
The chain-termination method is in principle also applicable to double-
stranded DNA fragments with the aid of two variations, the exonuclease 
method of Smith (1979) and the nick-translation method divised by Maat 
and Smith (1978). 
The ohem-ical degradation method 
The Maxam and Gilbert method (Maxam and Gilbert, 1977) relies com­
pletely on chemical degradation reactions, no enzymatic copying is re­
quired. Labelling of DNA is usually performed by incubation of specified 
DNA fragments with T4 polynucleotide kinase and (γ-32Ρ)-ΑΤΡ. Labelled 5'-
ends are separated either by digestion with an appropriate restriction 
enzyme or by direct strand separation. 
As a result of the degradation reactions, cleavage at 1 or 2 of the 
four bases is obtained. Actually, there are three consecutive steps. The 
first involves modification or fission of specific bases. In the second 
and third step, base removal and strand scission is obtained. Base re­
moval will only occur at sites where appropriate modified bases are pres­
ent and strand scission only at sugars without a base. Therefore, speci­
ficity of cleavage is determined in the first reaction. Moreover, to ob­
tain a set of radioactive fragments extending from the labelled end to 
each of the positions of a particular base, base modification has to be 
limited to on the average one base in each DNA molecule. On the con­
trary, reíase of modified bases and breakage of the DNA strand at the 
exposed sugar are to be carried out to completeness. 
The degradation products of the different specific reactions are frac-
tionated on a denaturing Polyacrylamide gel and the gels are allowed to 
autoradiograph. Radioactive end-labelled fragments will reveal a banding 
pattern from which the DNA sequence can directly be read off. The whole 
procedure of this sequencing method is oulined in Fig 4. 
Base-specific modifications can be brought about in several ways 
(Maxam and Gilbert, 1980). Only the reactions used in the elucidation 
of the M13 nucleotide sequence (this thesis) will be discussed in more detail. 
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Fig 4 Principle of the chemical degradation method (Maxam and Gilbert, 
1977). For explanation see text. 
Strong guanine weak/adenine cleavage 
For this purine specific reaction, an aliquot of the DNA is treated with 
dimethyl sulphate which methyl ates the guanines in DNA at the N7 position 
and the adenines at the N3 position (Lawley and Brookes, 1963). As meth­
yl groups at this position destabilize the glycoside bonds, these will 
easily break on heating at neutral pH. Treatment with alkali at 90° e-
liminate the neighbouring phosphate groups from the sugar. After reso­
lution on the gel, the resulting end-labelled fragments can be visualiz­
ed by autoradiography. A banding pattern containing dark and light bands 
is obtained. The dark bands arise from breakage at guanines as these are 
methylated 5 times faster than the adenines. The light bands specify DNA 
fragments cleaved at adenine residues. 
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Strong adenine/weak guanine cleavage 
An enhanced cleavage at adenine residues can be obtained by selective 
removal of the modified purines. Since the glycosidic bond of a methyl-
ated adenine is less stable than that of a methylated guanine, gentle 
treatment with diluted acid releases adenines preferentially. Alkali 
cleavage is for about 55Ï at adenines and for about 45% at guanines. 
Guanine cleavage 
Cleavage at only guanine residues can be obtained by heating the meth-
ylated DNA with piperidine. In the latter reaction, the 7-methylguani ne 
ring opens, the ring-opened base is displaced and the phosphates are 
eliminated to break the DNA. 
Strong adenine/weak cytosine cleavage 
Ring-opening of adenine residues can be obtained with a specificity of 
about 85% upon treatment of the DNA in strong alkali at 90°. In this re-
action to a lesser extent, cytosine rings are opened. Ring-opened bases 
are displaced and strands are cleaved at this position by piperidine 
treatment. 
Cytosine and thymine cleavage 
Hydrazine specifically attacks pyrimidines to produce ribosyl urea and 
ultimately hydrazones (Temperli et al, 1964). Displacement of the prod-
ucts of the hydrazinolysis and subsequent elimination of the posphates 
is obtained by piperidine treatment. Cleavage at cytosine and thymine 
residues takes place with an equal frequency. 
Cytosine cleavage 
In the presence of 2 M NaCl the reaction of thymine with hydrazine is 
suppressed, thus providing a cytosine specific cleavage reaction. On the 
autoradiograph only cytosine cleavage products will appear. 
The chemical degradation method is applicable to both single-stranded 
and double-stranded DMA. Although it is somewhat more laborious than the 
dideoxy method, an apparent advantage is that confirmation of the DNA 
sequence can be obtained by sequencing the opposite strand. 
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The nucleotide sequence of the M13 genome as presented in this thesis, 
is elucidated mainly by applying the chemical degradation method of 
DNA sequencing. Some parts of the DNA sequence are confirmed by using 
the 'plus and minus' technique whereas at a later stage of our studies, 
the dideoxy chain-termination method has been used. 
The entire M13 DNA sequence, as determined by these methods, is 
presented in Chapter II. The gene organization at the nucleotide level 
and the characteristic features of the structural elements which regu-
late the replication and the expression of the viral genome are dis-
cussed in Chapters III and IV. In addition, the M13 DNA sequence and 
that of the closely related phage fd, the sequence of which has been 
solved during the course of our study on M13, have been compared. 
The last two chapters deal with a more detailed study of the func-
tion of the M13 specific regulatory elements. Various M13 -in vitro pro-
moters have been inserted into a promoter-probe pi asmid in order to 
find out whether these in vitro elements also function as such in vivo. 
The last chapter describes the construction of plasmids which have 
been used to study the central transcription termination signal and 
the possible role of gene V-protein on the transcription of gene II. 
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The nucleotide sequence of bacteriophage M13 DNA, as described in Chap-
ters II, III and IV of this thesis, was established in collaboration 
with Dr T.J.M. Hulsebos. Part of the nucleotide sequence has been des-
cribed in his thesis: 
The nucleotide sequence of several genes and regulatory elements on the 
bacteriophage MIZ genome (1980), University of Nijmegen. 
The M13 nucleotide sequence has been published already in the following 
papers: 
- Hulsebos, T. and Schoenmakers, J.G.G.: Nucleotide sequence of gene 
VII and of a hypothetical gene (IX) in bacteriophage M13. Nucl. Acids 
Res. 5 (1978) 4677-4698 
- Van Wezenbeek, P. and Schoenmakers, J.G.G.: Nucleotide sequence of 
the genes III, VI and I of bacteriophage M13. Nucl. Acids Res. 6, 
(1979) 2799-2818 
- Van Wezenbeek, P.M.G.F., Hulsebos, T.J.M, and Schoenmakers, J.G.G.: 
Nucleotide sequence of the filamentous bacteriophage M13 DNA genome: 
comparison with phage fd. Gene 11 (1980) 129-148. 
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CHAPTER II 
NUCLEOTIDE SEQUENCE OF MIS DNA 
INTRODUCTION 
The filamentous, male-specific coliphages M13, fd and fl are character-
ized by a small single-stranded circular DNA genome of about 6400 bases 
(for reviews see Denhardt, 1975; Ray, 1977). Since their genomes code 
for only a limited number of proteins, the reproduction of these phages 
and their concomitant processes of DNA replication and gene expression 
are largely dependent on host functions. To understand the genetic or-
ganization of these small phages at the nucleotide level and to get a 
better insight in the processes which regulate their DNA replication 
and gene expression, it is important to elucidate the nucleotide se-
quence of their genomes. 
Prior to the development of more rapid and direct DNA sequencing methods , 
several investigators have sequenced part of the DNA of the filamentous phag-
es with the aid of classical techniques . The data obtained with these methods , 
however, are limited to pyrimidine tracts (Petersen and Reeves, 1969; 
Ling, 1972), short sequences obtained by oligonucleotide primed DNA syn-
thesis (Oertel and Schaller, 1972; Sanger et al, 1973, 1974), three 
ribosome binding sites (Pieczenick et al, 1974; Ravetch et al, 1977a), 
several promoter sites (Schaller et al, 1975; Sugimoto et al, 1975a,b; 
Takanami et al, 1976) and the complete nucleotide sequence of the mes-
senger RNA coding for the major coat protein (8S RNA; Sugimoto et al, 
1977). 
Initially, our group approached the M13 DNA sequence by analyzing 
highly labelled RNA transcribed -in vitro from restriction fragments, re-
sulting in the elucidation of the nucleotide sequence of the small genes 
VII and IX (Hulsebos and Schoenmakers, 1978). 
Rapid progress was made, however, after introduction of the direct 
DNA sequencing methods, which enabled us to elucidate the nucleotide se-
quence of viral M13 DNA within a relatively short period of time. The 
results of these sequencing studies, which ultimately led to a 6407-
nucleotide sequence of the circular M13 DNA genome, will be presented 
in this chapter. Our results were obtained using the base-specific, 
partial degradation technique of terminally labelled DNA fragments 
(Maxam and Gilbert, 1977). In some cases the established sequence was 
confirmed using the 'plus and minus' method (Sanger and Coulson, 1975) 
and the chain-termination method of DNA sequencing (Sanger et al, 1977a). 
Schaller and co-workers in collaboration with Takanami o.s. have 
pursued similar lines of investigations and their results on the entire 
nucleotide sequence of phage fd have been presented elsewhere (Beck et 
al, 1978). Very recently, the complete nucleotide sequence of bacterio-
phage fl has also been established (Hill and Petersen, personal commu-
nication) . 
MATERIALS AND METHODS 
Materials 
The bacteriophage M13 originated from P.H. Hofschneider, Munich. The 
restriction endonucleases Hapll, fiaelll and A lul were prepared as des-
cribed previously (van den Hondel et al, 1976). ¡iinfl was isolated by a 
slight modification of the method of Roberts et al (1975). Endonucleases 
Hhal, Mbol and tiboll were purchased from New England Biolabs, BanHI from 
Boehringer, Taal from Microbiol. Res. Establishment and Thai, Haell and 
Hindi from BRL, Inc. T4 DNA polymerase was prepared according to the 
method of Goulian et al (1968). E.coli DNA polymerase I (Klenow) was ob-
tained from Boehringer. Polynucleotide kinase from T4-infected E.aoli 
cells was purchased from P.L. Biochemicals, and bacterial alkaline phos-
phatase (BAPF) from Worthington B.C. 
Hydrazine was from Eastman Kodak Co. and dimethylsulphate from Aldrich 
Co. The dideoxynucleoside triphosphate inhibitors were purchased from 
P.L. Biochemicals. (γ-32Ρ;-ΑΤΡ (spec.act. >1000 Ci/mmol) was prepared 
by the procedure of Glynn and Chappell (1964). 
MIZ DNA and restriction fragments 
The procedures for the propagation and purification of wild-type M13 
phage and the preparative methods for the isolation of single-stranded 
viral DNA and of circularly closed double-stranded M13 RF have been des-
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cribed elsewhere (van den Hondel et al, 1975a,b). The preparation and 
purification of the various restriction fragments of M13 RF was perform-
ed according to the procedure described by van den Hondel et al (1975b). 
Préparation of fragments with 32P at a single S'-OH terminus 
The 5'-ends of restriction fragments were dephosphorylated with bac-
terial alkaline phosphatase essentially as described by Maxam and 
Gilbert (1977). Labelling of the 5'-OH ends of fragments was performed 
with (γ-32Ρ)-ΑΤΡ and polynucleotide kinase (Maxam and Gilbert, 1977). 
The dephosphorylated fragments (3-4 pmol) were dissolved in 45 ul of 10 
mM glycine-NaOH, pH 9.5, 1 mM spermidine, 0.1 mM EDTA. 
The fragments wece denatured by heati ng at 100° for 3 mi η, then qui ckly 
chi lied and transferred to an Eppendorf tube containing 100 pmol of dried 
(γ-3?Ρ)-ΑΤΡ. After addition of 5 μΐ of 0.5 M glycine-NaOH, pH9.5, 0.1MMgCl 2, 
50mM dithiothrei tol, the phosphorylationwas started by adding 2-3 units of 
polynucleotide kinase. After 30 mi η at 37° the reaction was terminated with 
phenol. Carrier tRNA (10 yg) was added and after two extractions with phenol 
the labelled fragments were precipitated with ethanol. The preci pi tate was 
dissolved in 70 μΐ of 10 mMTris-HCl, pH 7.6, 1 mM EDTA (buffer A) , the solution 
heated at 100° for 3 min and the DNA fragments were renatured by incubation at 
67° for 2 h. Thereafter, restriction enzyme buffer and the appropriate re­
striction enzyme were added and the volume was adjusted to 100 μΐ with buffer A. 
After a digestion at 37° for 2 h the fragments labelled at only one end 
were separated on 5% Polyacrylamide gels which were prepared in 40 mM 
Tris-HCl, 20 mM sodium acetate, 2 mM EDTA, pH 7.8. After electrophoresis and 
autoradiography the bands containing the 3 2P-labened fragments were ex­
cised and the DNA was eluted as described by van den Hondel et al (1975b). 
In a later stage of our sequencing studies, labelling with kinase was 
performed by an exchange reaction. Non-dephosphorylated restriction frag­
ments were dissolved in 50 yl of 10 mM Tris-HCl, 7 mM MgCl2, 7 mM в-mer-
captoethanol, pH 7.4 and transferred to an Eppendorf tube containing 
dried (γ-32Ρ)-ΑΤΡ. The exchange reaction was started by adding 2-3 units 
of T4 polynucleotide kinase. After 45 min at 37° the reaction was termi­
nated with phenol and the DNA was further treated as described above. 
Occasionally, fragments with a single S'-terminally labelled end were 
prepared by denaturation of the 32P-labened restriction fragments and 
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Separation of the individual DNA strands on Polyacrylamide gels accord­
ing to the procedure of Maxam and Gilbert (1977). 
DNA sequencing methode 
The M13 nucleotide sequence was elucidated by a combination of the 
following direct sequencing methods: 
a. chemical degradation method 
In this method the detailed protocols described by Maxam and Gilbert 
(1977, 1980) were essentially followed. Purine residues were partially 
methylated by dimethylsulphate. Cleavage at guanine residues was ob­
tained by heating at neutral pH and subsequent treatment with 0.1 N al­
kali at 90° or, alternatively, by heating with 1 M piperidine. Prefer­
ential cleavage at adenine residues was achieved by treatment with 0.1 N 
HCl followed by treatment with 0.1 N alkali at 90°. In some experiments 
cleavage at adenine and cytosine residues was obtained by treatment with 
1.5 N alkali at 90° followed by heating with 1 M piperidine. Cleavage at 
cytosine and thymine was obtained by partial hydrazinolysis followed by 
treatment with 1 M piperidine. Hydrazinolysis of thymine residues was 
suppressed by the presence of 2 M NaCl. 
The products of the individual cleavage reactions were separated by 
electrophoresis on 10?;, 20% and 25% Polyacrylamide slab gels (40 cm χ 
25 cm χ 0.1 cm) which were prepared in 50 mM Tris-borate, pH 8.3, 1 mM 
EDTA and 7 M urea (acrylamide/bisacrylamide ratio 30:1) 
b. enzymatic 'plus and minus' method 
The 'plus and minus' method for DNA sequencing was carried out essen­
tially as described by Sanger and Coulson (1975). Routinely, DNA hybrids 
were prepared by annealing denatured M13 DNA restriction fragments (2-3 
pmol) with intact single-stranded viral M13 DNA (0.5 pmol). The anneal­
ed reaction mixtures (10-20 ul) were then used for limited DNA synthe­
sis with DNA polymerase I and (a-32P)-dATP as the radioactive precursor. 
Digestions with restriction enzymes were carried out before the 'plus 
and minus' reactions. For the 'plus and minus' reactions and the elec-
trophoretic separation of the reaction products the detailed procedure 
of Air et al (1976) was followed 
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с. enzymatic chain termination method 
The dideoxynucleoside triphosphate chai η-termi nati on method of se­
quencing was essentially as described by Sanger el al (1977a). Polymer­
ase I exentension was carried out in base-specific reaction mixtures 
containing 1 yCi of (a-32P)-dATP (specific activity approximately 350 
Ci/mmol) and the following triphosphates: 
Τ mix: 0.033 mM dGTP, 0.033 mM dCTP, 0.002 mM dTTP, 0.4 mM ddTTP 
A mix: 0.025 mM dGTP, 0.025 mM dCTP, 0.025 mM dTTP, 0.3 mM ddATP 
G mix: 0.033 mM dCTP, 0.033 mM dTTP, 0.002 mM dGTP, 0.14 mM ddGTP 
С mix: 0.033 mM dGTP, 0.033 mM dTTP, 0.002 mM dCTP, 0.14 mM ddCTP 
Concentrations of the dideoxytri phosphates were lowered when longer ex­
tension was required. 
The nucleotide sequences were stored and studied using the computer 
programmes devised by Staden (1977). 
msuLTS 
Restriction enzyme cleavage maps are essential not only for analyzing 
the details of organization and expression of viral genomes but also 
for sequencing purposes. Several cleavage maps of M13 DNA have been re­
ported previously (van den Hondel and Schoenmakers, 1975; van den Hondel 
et dl, 1976; Hulsebos, 1980) and several new maps have been constructed 
during the course of this sequencing study. The sites where several re­
striction endonucleases cleave the M13 replicative form DNA are present­
ed in Fig 1. 
The initial alignment of the restriction enzyme cleavage maps was re­
fined by computer searching of the final nucleotide sequence for re­
striction enzyme recognition sites. In the process of generating the se­
quence, most restriction sites have been confirmed. Some sites, however, 
are only predicted from the nucleotide sequence as these sites have 
never been used in the sequence analyses. On the other hand, it turned 
out that some cleavage sites have been unnoticed before. These sites are 
usually positioned nearby a second site recognized by the same enzyme. 
Therefore cleavage of DNA at such regions results in extremely short 
fragments which can easily be overlooked during the construction of 
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cleavage maps {e.g. tfapII-K; Hhal-Q, P, R, 0 and S; Haell-O and the 
Hir.fl-Q fragments). 
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Fig 1 Genetic map and r e s t r i c t i o n enzyme cleavage maps of bacteriophage 
M13 DNA. The c i r c u l a r ohage genome is presented in a l i nea r form 
wi th the unique hi-nall cleavage s i t e as zero po in t . The Roman numerals 
re fe r to the M13 genes. Τ stands f o r the ruo-independent terminat ion 
s i t e of t r a n s c r i p t i o n . IR refers to the i n t e r g e n i c region i n which the 
o r i g i n s of r e p l i c a t i o n of v i r a l and non-v i ra l DNA strands are l o c a t e d . 
The procedure fol lowed f o r nucleotide sequence analysis was i n v a r i a b l y 
the same f o r each r e s t r i c t i o n fragment: using the various M13 cleavage 
maps as a guide, several sets of successive and overlapping r e s t r i c t i o n 
fragments were l a b e l l e d at t h e i r 5 ' - t e r m i n i w i t h (γ-3 2Ρ)-ΑΤΡ and poly­
nucleot ide kinase. Each fragment was then cleaved w i t h the appropriate 
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r e s t r i c t i o n endonuclease to produce fragments w i t h a s ing le 5 ' - l a b e l l e d 
end. 
Large DNA fragments (or RF DNA) were sometimes digested w i t h a r e ­
s t r i c t i o n enzyme p r i o r to l a b e l l i n g . A f t e r t h a t , fragments w i t h only one 
3 2P l a b e l l e d 5'-terminus were generated by d i g e s t i o n w i t h a second en­
zyme. In c e r t a i n cases the two r e s t r i c t i o n enzymes were used i n the revers­
ed order. Consequently, the same sets of fragments w i l l a r i s e , now l a ­
bel led at t h e i r opposite s t r a n d . Examples of the various procedures f o l ­
lowed, are presented i n Fig 2. 
Fig 2 Autoradiogram of s i n g l y end-label led fragments. La­
b e l l i n g was performed wi th (γ-3 2Ρ)-ΑΤΡ and T4 poly­
nucleot ide kinase. Separation was achieved on а Ъ% Poly­
acrylamide g e l . 
* L e f t : Fragment tfaelll-I digested w i t h Hinfl a f t e r l a b e l ­
l i n g 
j Right: Fragment /tapiI-A l a b e l l e d a f t e r d igest ion w i t h 
Mboll. Labelled ends were separated by Hinfl d i ­
gestion 
: Singly end-label led fragments are denoted by dots. 
6: : 
Fragment Haelll-l was first terminally labelled and thereafter both 
fragment-ends were separated after digestion with Hinfl (left lane). In 
the right lane, unlabelled DNA fragment ЯарІІ-А has been terminally la­
belled after digestion with Mboll. The T4 polynucleotide kinase was then 
inactivated by heating and a second digestion was performed with Hinfl 
Of the resulting fragments, two are unlabelled, three are doubly end-la­
belled at both 5'-ends, whereas seven fragments have a single 5'-end la­
bel and can be used directly for sequencing purposes. In this case it 
was possible to predict the electrophoretic mobility of the singly end-
labelled fragments because of their expected lengths. However, when no 
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map is available one can easily point out those fragments by comparing 
the banding pattern to that of part of the end-labelled mixture which 
has not been cleaved by the second enzyme. Fragments with the same mo-
bility have not been cleaved in the second reaction and are therefore 
doubly end-label led. 
After electrophoretic separation, each singly end-labelled fragment 
was eluted from the gel and subjected to the chemical degradation pro-
cedure. The partial products were analyzed on the DNA sequencing gels 
according to the procedure of Maxam and Gilbert (1977). The partially 
cleaved DNA samples were routinely loaded on three different types of 
gels. Electrophoresis on a 25% gel allowed unambiguous reading of about 
30 nucleotides starting at the second base after the restriction enzyme 
cleavage site. On a 20% gel it was possible to read from positions 25 
to about 70 whereas on a 10% or 15% gel, after a large number of nu-
cleotides were allowed to run off, we could normally read until posi-
tion 150-170. 
The restriction fragments which have been subjected to sequence ana-
lysis are presented in Fig 3. All DNA regions have been analyzed at 
least twice, and every fragment has been analyzed on several gels such 
that the critical areas were appropriately spread out. In some cases 
an additional confirmation of the deduced sequence was obtained by ap-
plying the 'plus and minus' method (Sanger and Coulson, 1975) or the 
enzymatic priming and chain termination method with the various re-
striction fragments as primers for limited DNA synthesis on the viral 
DNA strand as the template (Sanger et al, 1977). 
As the map provides more than 140 cleavage sites throughout the M13 
DNA molecule at distances generally less than 200 base pairs, a large 
part of the sequence could be approached in the same direction from two 
different restriction sites. It also enabled us to determine a very 
large part of the final sequence independently on both the viral and 
complementary strand. These sequences valididate each other as each 
basepair identified by a given chemical reaction in one strand, is iden-
tified by a basically different reaction in the other strand. Only a 
combination of these sequence data allowed the elimination of certain 
sequence ambiguities around a few cleavage sites or at certain DNA 
regions with a high secondary structure. 
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ί % 3 The sequencing strategy applied: the solid line represents the 
length of M13 DNA in kilobases. The extent of the individual se­
quencing runs are represented by the small horizontal lines. The verti­
cal bars represent the location of the single 32P-labelled S'-terminal 
ends. The capital letters above each line denote the restriction enzyme 
fragment which is used for sequencing at the S'-end. The second capital 
letter refers to the fragment which is obtained after digestion with 
the restriction endonuclease coded by the first letter. The lettercode 
used is: A, Alul; B, BamHl; F, HinfI ; G, Hgal; H, Hhal; M, Mboll; N, 
Mbol; R, Hindll; T, Taql; X, Haell; Y, Hapll; I , Haelll. 
Few cleavage sites, for instance, are found around the nucleotide posi­
tions 850, 1700 and 4600. Consequently, very small parts near these 
sites could only be sequenced in a single direction. As repeated se­
quencing of these regions by the chemical degradation method and the 
enzymatic dideoxytri phosphate chain-termination method resulted in com­
pletely identical read-outs, we consider their sequence reliable. Some 
cleavage sites (positions 1396, 1714, 2845, 4665) have not been con­
firmed by sequencing across these sites. On the other hand, electrophoresis 
on 25% Polyacrylamide gels covering these sites, have indicated that very 
smal 1 fragments were absent and therefore the presence of a cluster of iden­
tical cleavage sites had to be ruled out in such cases. 
Examples of autoradiograms of sequencing gels, prepared by the chem-
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ical degradation method and the dideoxy chain-termination method arc 
shown in Figs 4 and 5, respectively. Some of these autoradiograms are 
chosen as to be representative of areas of uncertainty encountered dur­
ing the sequencing work. 
It is well-known that sometimes regions of autoradiograms reveal a 
peculiar band to band spacing, a phenomenon that can be accounted for 
by intramolecular secondary structures of the DNA during electrophor­
esis. An example of this is shown in Fig 4A within a set of four T-resi-
dues. It is of interest to note that these residues are directly preced­
ed by a self-complementary region which can form a stable hairpin-loop 
(position 3319-3341, of Fig 1С, Chapter IV) and that by applying the 
'plus and minus' method of sequencing it was not possible to proceed 
alongside such aregionwith a strong secondary structure. Such sequence 
ambiguities could easily be solved by the observation of a regular band 
to band spacing afte·' sequencing the opposite DNA strand. 
Pecularities were also found in the characteristic set of nine con­
secutive T-residues of the central termination site for transcription 
(position 1557-1565). In some experiments, as shown in Fig 4B, а СзТ8 
sequence can be read, but if one takes into account that the last nu­
cleotide added decreases the mobility more in case this nucleotide is 
a Τ instead of a C, a C^Tg sequence remains possible. The presence of 
only two C-residues is in accordance with the nucleotide sequence of 
RNA transcripts terminated at this site (Sugimoto et al, 1977; Edens, 
1978). Another uncertainty was an Α-residue at position 5538 which is 
very difficult to detect. Using the dideoxy chain-termination method 
with fragment /УарІІ-F as primer, a T-residue can easily be read at the 
same position in the opposite strand (Fig 5A) despite the fact that in 
this autoradiogram a striking compression of the surrounding bands can 
be observed. In all these cases it is probably the secondary structure 
of these regions which is responsible for such an irregular sequencing 
behaviour. 
Sometimes a band in the sequence ladder is lacking. Fig 4C shows a 
gel pattern from which the sequence of the viral strand can be read. 
The pattern shows a gap in the sequence 5'-C-TGG-3'. In the complemen­
tary position on the opposite strand a G has been found. This sequence 
5'-CCTGG-3' is normally expected to be susceptible to ffcoRII unless mod-
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Fig 4 Autoradiographs of DNA se­
quencing gels according to 
the procedure of Maxam and 
Gilbert (1977). Sequences are 
c»* from the 5'-terminal end of the 
діт following fragments: (a) ί/αρΙΙ-ΒΙ 
,c
A
 (right hand), (b) Taql-V (left 
с hand), (с) йарІІ-Е2 (left hand), 
Г (d) Hinfl-h (right hand) and (e) 
ê Taql-l (right hand). 
Шк Ш I Designated nucleotide sequences: 
дГ: | (a) 3355-3311, (b) 1512-1575, (c) 
с ^ g 1945-2015, (d) 1991-1950, (e) 
î S Í 3671-3602. 
τ 
С τ 
ified (Boyer et al, 1973). Since the M13 phages have grown on E.aoli K38 
a strain which possesses cytosine methylase activity, the second С can 
be modified. As 5-methyl cytosine reacts very slowly with hydrazine, the 
DNA is hardly cleaved at this position. Thus, the gap can be accounted 
for by methylation of the С For similar reasons, a gap is expected in 
the minus strand opposite the first G. Indeed, as shown in Fig 4D the 
same phenomenon arises in the opposite non-viral strand. A similar ob­
servation has been made at the second ^coRII site in M13 RF DNA located 
at position 1014. Base modification of M13 DNA can also occur on A-resi-
dues (Smith et al, 1972; Hattman, 1973). However, in contradiction to 5-
methyl cytosine, 6-methyl adenine is not expected to be recognized by 
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this sequencing procedure (Maxam and Gilbert, 1977). 
Any irregular banding pattern might be an indication for a source of 
errors in the nucleotide sequence. Therefore, especially in these cases, 
repeated sequencing runs were carried out. In addition, independent ex­
perimental methods were applied. Combination of the sequencing data al­
lowed us to deduce reliably the complete nucleotide sequence of the 
viral (+) strand which is presented in Fig 6 in a 5'->3' direction. The 
entire M13 DNA sequence encompasses 6,407 nucleotides. 
Now that the nucleotide sequence of the M13 genome has been deduced, 
we have searched the sequence for recognition sites of restriction en­
zymes with a computer program described by Staden (1977). The cleavage 
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Fig 6 Autoradiographs of DNA sequencing gels according to the dideoxy 
chain-termination method (Sanger et al, 1977a). Primer fragments: 
(a) Hapll-F, (b) Mboll-C, {c) Hinfl-PZ. Designated nucleotide sequences: 
(a) 5594-5527, (b) 4214-4123, (c) 4071-3948. 
recognition specificities of these enzymes have been reviewed by Roberts 
(1981). A compilation of these sites is shown in Table 1. The sites have 
been numbered from the unique Яг^ІІ cut in an anti-clockwise fashion. 
The positions refer to the first base of each recognition site. There­
fore the recognition site of Binali being GAAiTTC, is positioned on nu­
cleotide number 6405. Restriction enzyme recognition si tes of the enzymes 
in Fig 1 are also underlined in the nucleotide sequence of Fig 6. 
With the few exceptions described before, the recognition coordinates 
are compatible with the known map assignments of the restriction enzymes 
Hindll, Alul, Haell, Haelll, йсгріі, Hhal, Hinfl, BcmHl, Mbol, Mboll and 
Taql. Most of the other enzymes listed have not been used in determining 
3l> 
Pable I RFSTRICTTOS FtIZYME RSCOOtlITIOX SITLS Iti IfACf Mil DU 
Sequence Position 
Acci 
Alul 
¿oui 
Aval 
bail 
ЛотНІ 
Bbvl 
Bgll 
Cla\ 
ЕсоП I 
ftlu4HI 
Hael 
Haell 
HaelU 
rlapll 
rigai 
Hgihl 
rihai 
гііпП 
Ίρ'ηΙ 
'Ipcil 
•¿bol 
:ГгоП 
•ijal 
Sfatti 
Гад I 
.-hal 
GTAGAC 
AGCT 
GGGCC 
CTCGGG 
TGGCCA 
GGATCC 
GCAGC 
GCTGC 
GCCGATTTCGGC 
ATCGAT 
CCTGG 
GCAGC 
GCGGC 
GCCGC 
GCTGC 
AGGCCA 
TGGCCA 
TGGCCT 
AGCGCT 
AGCCCC 
GGCC 
CCGG 
GACGC 
GCGTC 
GTGCAC 
GTGCTC 
GCGC 
GAATC 
GAGTC 
GACTC 
GATTC 
GGTGA 
ТСЛСС 
GTTAAC 
GATC 
GAAGA 
TCTTC 
GTAC 
GATGC 
GCATC 
TCGA 
CGCG 
6090 
39 63 
5837 6107 
5724 
5B25 
5080 
2220 
932 5536 
1367 2521 
5858 
2527 6039 
1014 1966 
932 5536 
1394 2285 
2288 
1367 2521 
2244 
5080 
5344 
2710 3039 
5559 5567 
1396 2245 
314 966 
526 2164 
4083 5158 
4743 
5465 
44 1011 
5490 5503 
136 723 
2011 2845 
4072 5329 
216 490 
1376 1774 
1503 2635 
64П5 
1382 1714 
3912 
781 4075 
173 280 
5384 5486 
25 388 
3979 
336 1127 
43 347 
5909 
203 229 333 934 
6134 6335 
1488 1517 2963 3276 3612 4096 5426 5630 
3132 4871 
2312 2357 5500 5514 
3132 4871 
2554 5081 5239 5315 
1095 1924 2378 2396 
2479 3237 
1085 1177 1470 2195 
5512 5534 5560 5568 
4349 5120 6198 
5766 
5788 6061 
511 2497 3258 3418 
1909 2398 2542 2581 
4923 6188 
2221 
4271 4937 5255 5587 
1022 1165 1769 1796 
6322 
1354 4850 
1508 1949 2528 3455 
1119 1176 2466 3355 
5414 5725 5867 6180 
2552 3370 3842 4018 5614 5995 6118 6178 
2467 2711 3040 3096 340« 3598 4312 4995 
3742 3838 4117 5375 5438 6042 
2620 2626 4847 5117 5706 6162 
5962 
1889 1905 1970 2133 3467 3668 4190 4380 
3694 4665 5633 6040 
3409 3599 3952 4313 4994 5489 5513 5533 
Cleavage s i t e s which are absent in ohage M13 DNA: Avail. Λΐ 'αΙΠ, Avrl'. 
Ι'τηύΙΙΙ, Xprl, Vstl 
S a - I , Sacll, Sail, i 
, Fall, Balli, Leal, 'CoRl, 
^vul, í ' yü l l , f e t i , Smal, 
vhl, Xhcl, Xbal, X"-ul. Xrralll 
40 
10 20 30 40 50 60 
AACGCTACTA CTATTAGTAG AATTGATGCC ACCTTTTCAG CTCGCGCCCC AAATGAAAAT 
70 80 90 100 110 120 
ATAGCTAAAC AGGTTATTGA CCATTTGCGA AATGTATCTA ATGGTCAAAC TAAATCTACT 
130 140 150 160 170 l80 
CGTTCGCAGA ATTGGGAATC AACTGTTACA TGGAATGAAA CTTCCAGACA CCGTACTTTA 
190 200 210 220 230 240 
GTTGCATATT TAAAACATGT TGAGCTACAG CACCAGATTC AGCAATTAAG CTCTAAGCCA 
250 260 270 280 290 300 
TCCGCAAAAA TGACCTCTTA TCAAAAGGAG CAATTAAAGG TACTCTCTAA TCCTGACCTG 
·' 310 320 330 340 350 360 
TTGGftGTTTG CTTCCGGTCT GGTTCGCTTT GAAGCTCGAA TTAAAACGCG ATATTTGAAG 
370 380 390 400 410 420 
ICTTTCGGGC TTCCTCTTAA TCTTTTTGAT GCAATCCGCT TTGCTTCTGA CTATAATAGT 
430 440 450 460 470 480 
CAGGGTAAAG ACCTGATTTT TGATTTATGG TCATTCTCGT TTTCTGAACT GTTTAAAGCA 
490 500 510 520 530 540 
TTTGAGGGGG ATTCAATGAA TATTTATGAC GATTCCGCAG TATTGGACGC TATCCAGTCT 
550 560 570 580 590 600 
AAACATTTTA CTATTACCCC CTCTGGCAAA ACTTCTTTTG CAAAAGCCTC TCGCTATTTT 
610 620 630 640 650 660 
GGTTTTTATC GTCGTCTGGT AAACGAGGGT TATGATAGTG TTGCTCTTAC TATGCCTCGT 
670 680 690 700 710 720 
AATTCCTTTT GGCGTTATGT ATCTGCATTA GTTGAATGTG GTATTCCTAA ATCTCAACTG 
730 740 750 760 770 780 
ATGAATCTTT CTACCTGTAA TAATGTTGTT CCGTTAGTTC GTTTTATTAA CGTAGATTTT 
790 800 810 820 830 840 
TCTTCCCAAC GTCCTGACTG GTATAATGAG CCAGTTCTTA AAATCGCATA AGGTAATTCA 
850 860 870 880 890 900 
CAATGATTAA AGTTGAAATT AAACCATCTC AAGCCCAATT TACTACTCGT TCTGGTGTTT 
910 920 930 940 950 960 
CTCGTCAGGG CAAGCCTTAT TCACTGAATG AGCAGCTTTG TTACGTTGAT TTGGGTAATG 
970 980 990 1000 1010 1020 
AATATCCGGT TCTTGTCAAG ATTACTCTTG ATGAAGGTCA GCCAGCCTAT GCGCCTGGTC 
ІОЗО 1040 1050 1060 1070 1080 
TGTACACCGT TCATCTGTCC TCTTTCAAAG TTGGTCAGTT CGGTTCCCTT ATGATTGACC 
Fig 6 Nucleotide sequence of bacterophage M13 DNA. The numbering of nu­
cleotides is in the 5'->-3' direction of the viral strand and starts 
at the unique Hindll cleavage site. Restriction enzyme recognition sites 
shown in the map from Fig 1 are underlined. 
41 
1090 1100 1110 1120 ИЗО 1140 
GTCTGCGCCT CGTTCCGGCT AAGTAACATG GAGCAGGTCG ÇGGATTTCGA CACAATTTAT 
1150 1160 1170 1180 1190 1?00 
CAGGCGATGA ТАСААЛТСТС CGTTGTACTT TGTTTCGCGC TTGGTATAAT CGCTGGGGGT 
1210 1220 1230 12^0 1250 1260 
CAAAGATGAG TGTTTTAGTG TATTCTTTCG CCTCTTTCGT TTTAGGTTUG TGCCTTCGTA 
1270 1280 1290 1300 1310 1320 
GTGGCATTAC GTATTTTACC CGTTTAATGG AAACTTCCTC ATGAAAAAGT CTTTAGTCCT 
1330 1340 1350 1360 1370 1380 
CAAAGCCTCT GTAGCCGTTG CTACCCTCGT TCCGATGCTG TCTTTCGCTG CTGAGGGTGA 
1390 1400 1410 1420 1430 1440 
CGATCCCGCA AAAGCGGCCT TTAACTCCCT GCAAGCCTCA GCGACCGAAT ATATCGGTTA 
1450 1460 1470 1480 1490 1500 
TGCGTGGGCG ATGGTTGTTG TCATTGTCGG CGCAACTATC GGTATCAAGC TGTTTAAGAA 
1510 1520 1530 is^o 1550 1560 
ATTCACCTCG AAAGCAAGCT GATAAACCGA TACAATTAAA GGCTCCTTTT GGAGCCTTTT 
1570 1580 1590 I6OO I6IC 1620 
TTTTTGGAGA TTTTCAACGT GAAAAAATTA TTATTCGCAA TTCCTTTAGT 7GTTCCTTTC 
І63О 1640 1650 I66O I67O 168O 
TATTCTCACT CCGCTGAAAC TGTTGAAAGT TGTTTAGCAA AACCCCATAC AGAAAATTCA 
I69O 1700 1710 1720 1730 1740 
TTTACTAACG TCTGGAAAGA CGACAAAACT TTAGATCGTT ACGCTAACTA TGAGGGTTGT 
1750 1760 1770 1780 1790 I8OO 
CTGTGGAATG CTACAGGCGT TGTAGTTTGT ACTGGTGACG AAACTCAGTG TTACGGTACA 
18IO 1820 1830 1840 I85O i860 
TGGGTTCCTA TTGGGCTTGC TATCCCTGAA AATGAGGGTG GTGGCTCTGA GGGTGGCGGT 
1870 1880 I89O I9OO I9IO 1920 
TCTGAGGGTG GCGGTTCTGA GGGTGGCGGT ACTAAACCTC CTGAGTACGG TGATACACCT 
19ЗО 1940 I95O I960 1970 1980 
ATTCCGGGCT ATACTTATAT CAACCCTCTC GACGGCACTT ATCCGCCTGG TACTGAGCAA 
I99O 2000 2010 2020 2030 2040 
AACCCCGCTA ATCCTAATCC TTCTCTTGAG GAGTCTCAGC CTCTTAATAC TTTCATGTTT 
205O 206O 2070 208O 209O 2100 
CAGAATAATA GGTTCCGAAA TAGGCAGGGG GCATTAACTG TTTATACGGG CACTGTTACT 
2110 2120 2130 2140 2150 2l60 
CAAGGCACTG ACCCCGTTAA AAGTTATTAC CAGTACACTC CTGTATCATC AAAAGCCATG 
Fig e Continued 
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2170 2180 2190 2200 2210 2220 
TATGACGCTT ACTGGAACGG TAAATTCAGA GACTGCGCTT TCCATTCTGG CTTTAATGAG 
2230 2240 2250 2260 2270 2280 
GATCCATTCG TTTGTGAATA TCAAGGCCAA TCGTCTGACC TGCCTCAACC TCCTGTCAAT 
2290 2300 2310 2320 2330 2340 
GCTGGCGGCG GCTCTGGTGG TGGTTCTGGT GGCGGCTCTG AGGGTGGTGG CTCTGAGGGT 
2350 2360 2370 2380 2390 2400 
GGCGGTTCTG AGGGTGGCGG CTCTGAGGGA GGCGGTTCCG_GTGGTGGCTC TGGTTCC3GT 
2410 2420 2430 2440 2450 2460 
GATTTTGATT ATGAAAAGAT GGCAAACGCT AATAAGGGGG CTATGACCGA AAATGCCGAT 
2470 2480 2490 2500 2510 2520 
GAAAACGCGC TACAGTCTGA_CGCTAAAGGC AAAC7TGATT CTGTCGCTAC TGATTACGGT 
2530 2540 255Ο 256Ο 2570 258Ο 
GCTGCTATCG ATGGTTTCAT TGGTGACCTT TCCGGCCTTG CTAATGGTAA TGGTGCTACT 
2590 26ΟΟ 2610 2620 26ЗО 2640 
GGTGATTTTG CTGGCTCTAA TTCCCAAATG GCTCAAGTCG GTGACGGTGA TAATTCACCT 
265Ο 2660 2670 2680 269Ο 2700 
TTAATGAATA ATTTCCGTCA ATATTTACCT TCCCTCCCTC AATCGGTTGA ATGTCGCCCT 
2710 2720 2?30 2740 2750 2760 
TTTGTCTTTA GCGCTGGTAA ACCATATGAA TTTTCTATTG ATTGTGACAA AATAAACTTA 
2770 2780 2790 2800 2810 2820 
TTCCGTGGTG TCTTTGCGTT TCTTTTATAT GTTGCCACCT TTATGTATG? ATTTTCTACG 
2830 2840 2850 2860 287Ο 2880 
TTTGCTAACA TACTGCGTAA TAAGGAGTCT TAATCATGCC AGTTCTTTTG GGTATTCCGT 
289Ο 2900 2910 2920 29ЗО 2940 
TATTATTGCG TTTCCTCGGT TTCCTTCTGG TAACTTTGTT CGGCTATCTG CTTACTTTTC 
2950 296Ο 2970 2980 2990 3000 
TTAAAAAGGG CTTCGGTAAG ATA_GCTATTG CTATTTCATT GTTTCTTGCT CTTATTATTG 
3010 3020 ЗОЗО 3040 305O ЗО6О 
GGCTTAACTC AATTCTTGTG GGTTATCTCT CTGATATTAG CGCTCAATTA CCCTCTGACT 
3070 ЗО8О ЗО9О 3100 3110 3120 
TTGTTCAGGG TGTTCAGTTA ATTCTCCCGT CTAATGCGCT TCCCTGTTTT TATGTTATTC 
3130 3140 3150 3160 3170 3180 
TCTCTGTAAA GGCTGCTATT TTCATTTTTÜ ACGTTAAACA AAAAATCGTT TCTTATTTGG 
3190 
ATTGGGHTAA ΑΤΑΑΊ 
3?00 
'ATGGC TG" 
3210 
гт гттт 
"τ* Λ " 
г д. 4í 
3220 32ЗО 3240 
:GGCA AATT'VGGCTC TGGAAAGACG 
Fig 6 Continued 
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3250 3260 3270 
CTCGTTAGCG TTGGTAAGAT TCAGGATAAA 
3280 3290 3300 
ATTGTAGCTG GGTGCAAAAT AGCAACTAAT 
3310 3320 3330 3340 3350 ЗЗбО 
CTTGATTTAA GGCTTCAAAA CCTCCCGCAA GTCGGGAGGT TCGCTAAAAC GCCTCGCGTT 
3370 3380 3390 3400 3410 3420 
CTTAGAATAC CGGATAAGCC TTCTATAT3T GATTTGCTTG CTATTGGGCG CGGTAATGAT 
3430 3440 3450 3460 3470 3480 
TCCTACGATG AAAATAAAAA CGGCTTGCTT GTTCTCGATG AGTGCGGTAC TTGGTTTAAT 
3490 3500 3510 3520 3530 3540 
ACCCGTTCTT GGAATGATAA GGAAAGACAG CCGATTATTG ATTGGTTTCT ACATGCTCGT 
3550 3560 3570 3580 3590 3600 
AAATTAGGAT GGGATATTAT TTTTCTTGTT CAGGACTTAT CTATTGTTGA TAAACAGGCG 
3610 3620 3630 3640 3650 З66О 
CGTTCTGCAT TAGCTGAACA TGTTGTTTAT TGTCGTCGTC TGGACAGAAT TACTTTACCT 
З67О 3680 З69О 3700 3710 3720 
TTTGTCGGTA CTTTATATTC TCTTATTACT GGCTCGAAAA TGCCTCTGCC TAAATTACAT 
3730 3740 3750 3760 3770 3780 
GTTGGCGTTG TTAAATATGG CGATTCTCAA TTAAGCCCTA CTGTTGAGCG TTGGCTTTAT 
3790 38ОО 38ІО 3820 3830 3840 
ACTGGTAAGA ATTTGTATAA CGCATATGAT ACTAAACAGG CTTTTTCTAG TAATTATGAT 
3850 3860 З870 3880 3890 3900 
TCCGGTGTTT ATTCTTATTT AACGCCTTAT TTATCACACG GTCGGTATTT CAAACCATTA 
3910 3920 3930 3940 3950 3960 
AATTTAGGTC AGAAGATGAA ATTAACTAAA ATATATTTGA AAAAGTTTTC TCGCGTTCTT 
3970 398О 3990 4000 4010 4020 
TGTCTTGCGA TTGGATTTGC ATCAGCATTT ACATATAGTT ATATAACCCA ACCTAAGCCG 
4030 4040 4050 4060 4070 4080 
GAGGTTAAAA AGGTAGTCTC TCAGACCTAT GATTTTGATA AATTCACTAT TGACTCTTCT 
4090 4100 4110 4120 4130 4140 
CAGCGTCTTA ATCTAAGCTA TCGCTATGTT TTCAAGGATT CTAAGGGAAA ATTAATTAAT 
4150 4160 4170 4l80 4190 4200 
AGCGACGATT TACAGAAGCA AGGTTATTCA CTCACATATA TTGATTTATG TACTGÏTTCC 
4210 4220 4230 4240 4250 4260 
ATTAAAAAAG GTAATTCAAA TGAAATTGTT AAATGTAATT AATTTTGTTT TCTTGATGTT 
4270 4280 4290 4300 4310 4320 
TGTTTCATCA TCTTCTTTTG CTCAGGT'iAr TGAAATGAAT AATTCCCCTC TGCGCGATTT 
Fig 6 Continued 
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4330 43^0 4350 43бО 4370 4380 
TGTAACTTCiG TATTCAAAGC AATCAGGCGA ATCCGTTATT GTTTCTCCCG ATGTAAAAGG 
4390 4400 4410 4420 4430 4440 
TACTGTTACT GTATATTCAT CTGACGTTAA ACCTGAAAAT CTACGCAATT TCTTTATTTC 
4450 4460 4470 4480 4490 4500 
TGTTTTACGT GCTAATAATT TTGATATGGT TGGTTCAATT CCTTCCATAA TTCAGAAGTA 
4510 4520 4530 4540 4550 4560 
TAATCCAAAC AATCAGGATT ATATTGATGA ATTGCCATCA TCTGATAATC AGGAATATGA 
4570 4580 4590 4600 4610 4620 
TGATAATTCC GCTCCTTCTG GTGGTTTCTT TGTTCCGCAA AATGATAATG TTACTCAAAC 
4630 4640 4650 4660 4670 4680 
TTTTAAAATT AATAACGTTC GGGCAAAGGA TTTAATACGA GTTGTCGAAT TGTTTGTAAA 
4690 4700 4710 4720 4730 4740 
GTCTAATACT TCTAAATCCT CAAATGTATT ATCTATTGAC GGCTCTAATC TATTAGTTGT 
4750 4760 4770 4780 4790 4800 
TAGTGCACCT AAAGATATTT TAGATAACCT TCCTCAATTC CTTTCTACTG TTGATTTGCC 
4810 4820 4830 4840 4850 4860 
AACTGACCAG ATATTGATTG AGGGTTTGAT ATTTGAGGTT CAGCAAGGTG ATGCTTTAGA 
4870 4880 4890 4900 4910 4920 
TTTTTCATTT GCTGCTGGCT CTCAGCGTGG CACTGTTGCA GGCGGTGTTA ATACTGACCG 
49ЗО 4940 495О 496О 4970 498О 
CCTCACCTCT GTTTTATCTT CTGCTGGTGG TTCGTTCGGT ATTTTTAATG GCGATGTTTT 
499О 5000 5010 5020 5ОЗО 5040 
AGGGCTATCA GTTCGCGCAT TAAAGACTAA TAGCCATTCA AAAATATTGT CTGTGCCACG 
5050 5060 5070 508O 5090 5100 
TATTCTTACG CTTTCAGGTC AGAAGGGTTC TATCTCTGTT GGCCAGAATG TCCCTTTTAT 
5110 5120 51ЗО 5140 SISO 516O 
TACTGGTCGT GTGACTGGTG AATCTGCCAA TGTAAATAAT CCATTTCAGA CGATTGAGCG 
5170 518O 5190 5200 5210 5220 
TCAAAATGTA GGTATTTCCA TGAGCGTTTT TCCTGTTGCA ATGGCTGGCG GTAATATTGT 
5230 5240 5250 526О 5270 5280 
TCTGGATATT ACCAGCAAGG CCGATAGTTT GAGTTCTTCT ACTCAGGCAA GTGATGTTAT 
5290 5300 5310 5320 5330 5340 
TACTAATCAA AGAAGTATTG CTACAACGGT TAATTTGCGT GATGGACAGA CTCTTTTACT 
5350 5З6О 5370 5З8О 5390 5400 
CGGTGGCCTC ACTGATTATA AAAACACTTC TCAAGATTCT GGCGTACCGT TCCTGTCTAA 
Fig 6 Continued 
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5410 5420 5430 5440 5450 5460 
AATCCCTTTA ATCGGCCTCC TGTTTAGCTC CCGCTCTGAT TCCAACGAGG AAAGCACGTT 
5470 5480 5490 5500 5510 5520 
ATACGTGCTC GTCAAAGCAA CCATAGTACG CGCCCTGTAG CGGCGCATTA AGCGCGGCGG 
5530 5540 5550 5560 5570 5580 
GTGTGGTGGT TACGCGCAGC GTGACCGCTA CACTTGCCAG CGCCCTAGCG CCCGCTCCTT 
5590 56OO 5610 5620 56ЗО 5640 
TCGCTTTCTT CCCTTCCTTT CTCGCCACGT TCGCCGGCTT TCCCCGTCAA GCTCTAAATC 
565O 5660 5670 568O 5690 5700 
GGGGGCTCCC TTTAGGGTTC CGATTTAGTG CTTTACGGCA CCTCGACCCC AAAAAACTTG 
5710 5720 5730 5740 5750 5760 
ATTTGGGTGA TGGTTCACGT AGTGGGCCAT CGCCCTGATA GACGGTTTTT CGCCCTTTGA 
5770 5780 5790 58OO 5810 5820 
CGTTGGAGTC CACGTTCTTT AATAGTGGAC TCTTGTTCCA AACTGGAACA ACACTCAACC 
5830 5840 5850 586O 5870 5880 
CTATCTCGGG CTATTCTTTT GATTTATAAG GGATTTTGCC GATTTCGGCC TATTGGTTAA 
5890 5900 5910 5920 5930 5940 
AAAATGAGCT GATTTAACAA AAATTTAACG CGAATTTTAA CÀAAATATTA ACGTTTACAA 
5950 596O 5970 598O 5990 6000 
TTTAAATATT TGCTTATACA ATCTTCCTGT TTTTGGGGCT TTTCTGATTA TCAACCGGGG 
6OIO 6020 6ОЗО 6040 6050 605O 
TACATATGAT TGACATGCTA GTTTTACGAT TACCGTTCAT CGATTCTCTT GTTTGCTCCA 
6070 6080 609O 6IOO 6IIO 612O 
GACTCTCAGG CAATGACCTG ATAGCCTTTG TAGACCTCTC AAAAATAGCT ACCCTCTCCG 
6ІЗО 6140 615O 616O 6170 6180 
GCATGAATTT ATCAGCTAGA ACGGTTGAAT ATCATATTGA TGGTGATTTG ACTGTCTCCG 
6190 62OO 6210 6220 6230 6240 
GCCTTTCTCA CCCTTTTGAA TCTTTACCTA CACATTACTC AGGCATTGCA TTTAAAATAT 
6250 6260 6270 6280 6290 63ОО 
ATGAGGGTTC TAAAAATTTT TATCCTTGCG TTGAAATAAA GGCTTCTCCC GCAAAAGTAT 
63ІО 6320 6ЗЗО 6340 635О 636О 
TACAGGGTCA TAATGTTTTT GGTACAACCG ATTTAGCTTT ATGCTCTGAG GCTTTATTGC 
637О 638О 6390 6400 
TTAATTTTGC TAATTCTTTG CCTTGCCTGT ATGATTTATT GGATGTT 
Fig 6 Continued 
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the nucleotide sequences. The presence of these recognition sites has 
not been verified by actually cleaving of the DNA at that site. There 
are a few exceptions, however. In cases where the known sequence pre-
dicts a recognition site for such an enzyme, this enzyme is sometimes 
used to separate the 32P 5'-labelled ends of fragments generated by 
other enzymes, thereby confirming the presence of a cleavage site. Oc-
casionally the enzymes Hgal, Hphl and Thai were used for such purposes. 
Moreover, upon digestion of M13 RF DNA with the latter enzymes, fragments 
of a length expected from the nucleotide sequence have actually been found. 
DISCUSSION 
The complete nucleotide sequence of bacteriophage M13 DNA has now been es-
tablished. It comprises 6,407 bases which is in very good agreementwith the 
value of 6,370 = 40 bases determined by physicochemical methods (Day and 
Berkowitz, 1977) ; The base composition of the viral strand as calculated 
from this sequence is A, 24.58%; G, 20.52%; C, 20.23% and T, 34,67%. 
For several reasons we feel confident that the nucleotide sequence 
presented is very reliable and presumably error-free. 
1. Most sequencing runs were carried out at least twice 
2. With the exception of very small regions, the sequence is indepen-
dently determined on both strands 
3. In case areas of uncertainty were encountered with the Maxam and Gil-
bert technique, the sequence of those particular regions were also 
independently determined with the dideoxy chain-termination method. 
4. The restriction enzyme recognition sites are recovered in the nucleo-
tide sequence in agreement with the known map assignments 
5. The polypeptides which can theoretically be deduced from the nucleo-
tide sequence are found in accordance with the known amino acid se-
quence as determined from some M13 (fd) proteins (see Chapter III) 
6. Additions or omissions of one or two bases in coding regions have to be rul-
ed out since the deduced amino acid sequence is completely in agreement with 
our knowledge of the proteins for which the M13 DNA codes (see Chapter III). 
7. That the final nucleotide sequence is correct is also inferred from 
comparison of the M13 DNA sequence with those of the closely related 
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phages fd (Beck et dl, 1978) and fi (Hill and Petersen, personal commu­
nication). These genomes, whose nucleotide sequences are elucidated dur­
ing the course of our work, contain only a few base interchanges as com­
pared to M13 DNA i.e. 3.00% and 0.83%, respectively (see Chapter IV). 
With the aid of a computer program (Staden, 1977) the nucleotide se­
quence has been searched for restriction endonuclease recognition sites. 
Knowing precisely the coordinates of these sites, the exact lengths of 
the fragments which arise after complete digestion of the various re­
striction enzymes have been calculated (Table II). The electrophoretic 
mobility of almost all fragments corresponds linearly to the logarithm 
of the number of base pairs in its sequence. Therefore, M13 RF DNA can 
perfectly be used as a source of precise DNA size markers. It should be 
emphasized, however, that under certain conditions, anomalous migration 
can occur in the restriction patterns of DNA of various sources (cf 
Contreras et al, 1978). Such a phenomenon is also observed with M13 re­
striction fragments. 
Fragment ЯарІІ-В1, for instance, has a length of 818 base pairs and 
is expected to migrate faster than fragment #apII-B2 which contains 829 
base pairs. The reverse, however, has been found. In a similar way, 
fragment А7гаІ-01 (length 725 base pairs) and fragment Hhal-U2 (length 
683 base pairs) reveal an identical electrophoretic mobility on Poly­
acrylamide gels. Also the fragments Taql-G and H (length 357 and 381 
base pairs, respectively) have a mobility on Polyacrylamide gels which 
is not in accordance with their lengths. On the other hand, when loaded 
on agarose gels, fragments G and H have interchanged. 
All fragments mentioned above, encompass regions with sel f-complemen­
tary characteristics. It is possible therefore that their anomalous be­
haviour on Polyacrylamide gels can be accounted for by the presence of 
such regions. However, even in these few cases mentioned the mobility 
is influenced only slightly. 
Knowledge of the M13 DNA sequence now provides easy access to well-
defined parts of the phage DNA molecule for further studies. Exact map­
ping of amber mutations within the sequence makes it possible to demar­
cate the M13 genes (Chapter III). Also the structure of regulatory ele­
ments such as promoter sites, termination sites, ribosome binding sites 
and origins of replication can be studied (Chapter IV). Furthermore, it 
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will encourage studies on site-directed mutagenesis and cloning of regu­
latory elements (Cleary and Ray, 1980; Chapter V and VI, this thesis) 
and the construction of cloning vehicles for sequencing purposes 
Gronenborg and Messing, 1978; Schreier and Cortese, 1979; Messing et al, 
1981; Nelson et al, 1981). 
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CHAPTER III 
NUCLEOTIDE SEQUENCE OF Mio DNA: GENE STRUCTURE 
INTRODUCTION 
By combined genetic data (Lyons and Zinder, 1972), ordering of condi-
tionally lethal mutants on restriction enzyme cleavage maps (van den 
Hondel et al} 1975b, 1976; Seeburg and Schaller, 1975; Horiuchi et al, 
1975; Vovis et al, 1975) and protein synthesis data (Model and Zinder, 
1974; Kom'ngs et al, 1975) eight genes have been ordered on the fila-
mentous M13 genome. Very recently, a ninth small gene (gene IX) has been 
detected (Simons et al, 1979), whereas from protein synthesis data there 
is suggestive evidence for the existence of still another gene, desig-
nated gene X (Konings et al, 1975; Model and Zinder, 1974). Its product, 
however, has been detected so far only in vitro. 
The products of genes III and VIII are virion structural proteins. 
The gene VHI-protein is the major coat protein of the phage (Pratt et 
al, 1969), whereas gene Ill-protein is a minor coat protein (Rossomando 
and Zinder, 1968; Pratt et al, 1969). Recently, it has been found that 
also the products of the genes VII, IX and VI form an integral part of 
the viral capsid (Simons et al, 1979, 1981b). Gene II-protein is requir-
ed for double-stranded DNA replication whereas gene V-protein functions 
as a helix-destabilizing protein in single-stranded viral DNA synthesis 
(Pratt and Erdahl, 1968). The biological function of the remaining genes 
I and IV (and X) has still to be ascertained. The encoded proteins of 
the former two genes are most probably involved in phage assembly. 
Of these M13 genes only the products of gene V and gene VIII have 
been characterized by their amino acid sequence (Cuypers et al, 1974; 
Nakashima and Königsberg, 1974). The molecular weights of the products 
of genes II, X, III, I and IV are determined from in vitro protein syn-
thesis analyses (Model and Zinder, 1974; Konings et al, 1975). Before 
the nucleotide sequence was elucidated, such data were completely lack-
ing for gene VII-, gene IX- and gene VI-protein. 
To understand the molecular biology of the filamentous M13 phage in 
more detail, knowledge of its organization is a prerequisite. Since the 
nucleotide sequence of the entire genome is known (see Chapter II), our 
first goal is to trace the exact position of each M13 gene within its 
sequence. In this way information is gained not only of the length and 
precise amino acid sequence of the individual M13 gene products, but 
also of the regions which have no coding function and therefore may 
contain important regulatory signals for the reproduction of the vir­
ion. 
The position of each gene within the nucleotide sequence can theo­
retically be traced by selecting that reading frame which upon trans­
lation should result in a polypeptide the size of which corresponds to 
the molecular weight of the gene product as determined from in vivo 
studies or in vitro protein synthesis analyses. If such data on the 
molecular weights of the proteins are lacking, frame selection might 
be ambiguous and the size of the gene has to be confirmed by amino acid 
sequence data of its protein product or by additional genetic data. In 
this study we have applied several conditionally lethal phage mutants 
and we have analyzed the nucleotide changes introduced in the DNA se­
quence of these mutants. On the basis of the exact localization of 
these base changes, the proper reading frame of each gene could be se­
lected and the gene bounderies and overlaps could be designated. 
MATERIALS AND MUTHODS 
Materials 
Bacteriophage M13 originated from Dr P.H. Hofschneider, Munich. The 
M13 nonsense mutants am2-H2, orS-Hl, 7r?5-H3, гэт5-Н27, от7-Н2, OTJ7-H3, атгЗ-Нб, 
£ст8-Н1, сэтЗ-Hl, aw3-H4, ar¡6-Hl, сэт6-Н2 сзпб-НЗ, отб-Нб, атб-Н7, aml-ΗΊ 
and am4-H38, the characteristics of which have been described (Pratt 
and Erdahl, 1968), were kindly provided by Dr D. Pratt, Davies. The fl 
nonsense mutants R124, R13, R99, R148 and R143 were kindly supplied by 
Dr N. Zinder and his collegues, New York, the fd mutant fdl22 was a kind 
gift from Dr H. Schaller, Heidelberg. 
Sources of restriction endonucleases and the other enzymes applied in 
this study have been described (van Wezenbeek and Schoenmakers, 1979). 
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MIZ Dil A and restriction fraarrcnti 
The procedure for the propagation and purification of wild-type and 
of amber mutant M13 phages and the preparative methods for the isola­
tion of single-stranded viral DNA and of circularly closed double-
stranded M13 RF have been described (van den Hondel pt al, 1975a,b). 
The preparation and purification of the various restriction fragments 
of M13 RF was performed according to the procedure described by van den 
Hondel et al (1975b). 
DNA seauencing methods 
The nucleotide sequence of 5' end-labelled DNA fragments was deter­
mined by the method of Maxam and Gilbert (1977). Labelling of M13 re­
striction fragments and subsequent isolation of singly end-labelled DNA 
fragments have been described in Chapter II. The 'plus and minus' method 
(Sanger and Coulson, 1975) was earned out with DNA hybrids prepared by 
annealing denatured M13 DNA restriction fragments (2-3 pmol) with in­
tact single-stranded viral M13 DNA (0.5 pmol) as described in the pre­
vious chapter. 
RESULTS 
In the following sections the exact location of each M13 gene within the 
established nucleotide sequence will be described. The position of each 
gene was elucidated with the aid of several hydroxylamine-induced amber 
mutants of phage M13. As mutagenesis was carried out on intact phage 
particles (Pratt et al, 1966, 1969) and the mutagenic agent creates pre­
ferentially О Т transitions, the amber mutation should generally be 
characterized by a change of a 5'-CAG-3' into a 5'-TAG-3' sequence of 
the viral DNA strand. Analysis of the nucleotide changes introduced in 
the genomes of these mutants allowed us to determine the reading frame 
of each gene and, consequently, to predict its initiation and termina­
tion signals and the amino acid sequence of its oroduct. The results are 
presented in Fig 1. 
The individual M13 genes are given in boxes within the nucleotide se­
quence of the viral DNA strand. As the orientation of the srequence in 
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AAC OCT 
Asn АІ4 
ДАТ GTA 
л і ч Val 
GTT OCA 
Val Ala 
САД ТТД 
Gin Leu 
I TCT П С 
! S s r РЫ 
TCA Г С 
T e r rhe 
l'AAS CAT 
Li/s Яге 
1 Тир Авр 
1
 АТС AAT 
ι Mei Дач 
Г CCA GTT 
I ' Р т о Val 
ACT ACT 
T ' y Γ Ί Γ 
TCT AAT 
S e r Asn 
TAT TTA 
7\/г ¿ e u 
AAG GTA 
Li/S Val 
G3G CTT 
"ly ьеи 
тсс τπ 
5er Phe 
TTT ACT 
»л« rar 
AGT G*T 
5 e r Val 
CTT TCÏ 
teu Ser 
CTT AAA 
Leu / y * 
ATT AGT 
lie Ser 
GGT CAA 
üiy Gin 
AAA CAT 
CTC TCT 
leu Ser 
ест CTT 
Pro Leu 
TCT GAA 
S e r OU 
AGA ATT GAT 
Arg Ile Aep 
ACT AAA TCT 
Thr Lt/e Ser 
GTT GAG СТА 
Val Glu Leu 
AAT CCT GAC 
Aen Pro Aap 
AAT CTT TTT 
Aen Leu Phe 
CTG TTT AAA 
Leu phe Lye 
GCC ACC TTT 
Ala Thr Phe 
ACT CGT TCG 
Thr Arg Ser 
CAO CAC CAG 
Gin Κιβ Gin 
CTG TTC GAG 
Leu Leu <jlu 
GAT ЗСД АТС 
Aap Ala Ile 
GCA "TT GAG 
Ala Phe Glu 
ATT ACC 
Ile Thr 
GCT CTT 
Ala ьеи 
ACC TOT 
ГАг Суз 
АТС GCAil 
Ile Ala] 
CCC TCT GGC 
P r o S e r Gly 
ACT ATG CCT 
Thr Met Pro 
AAT AAT GTT 
Aen Asn Val 
AAA ACT TCÍ 
Lye Thr Ser 
CGT AAT -CC 
j4r¡7 Aar Ser 
GTT CCG TTA 
Val Pro Leu 
TCA GCT CGC GCC CCA 
Ser Aia Arg Ala Pro 
CAG AAT TGG GAA TCA 
Gin Aan Trp Glu Ser 
AT" CAG CAA TTA AGC 
Ile Gin Gin Leu Ser 
TTT GCT TCC GGT CTG 
phe Ala ber Gls l4u 
CGC TTT GCT TCT GAC 
Ars Ff£ Ala Ser Авр 
GGG GAT TCA'ATG AAT 
Gly Aep Sf>r\4pL Asn 
TTT 3CA AAA GCC TCT 
0
Ле Ala Lye Ala Ser 
"TT TGG CGT TAT GTA 
Ph£ Trp Arg Ту" Val 
GTT CGT TTT ATT AAC 
t a i Arg Phe Ile Asn 
GAA AAT 
Glu Asn 
GTT АСА 
Val Thr 
AAG CCA 
Lye Pro 
CGC TTT 
Arg Phe 
AAT AGT 
A e r S e r 
TAT GAC 
Tyr Aap 
TAT TTT 
Tyr Phe 
GCA TTA 
Ala Leu 
GAT TTT 
Asp Phe 
ATA GCT 
Ile Ala 
TGG ДАТ 
Trp Asn 
TCC GCA 
S e r Ala 
GAA GCT 
Clu Ala 
CAG GGT 
Gin Gly 
GAT TCC 
Aap S e r 
GGT TTT 
Cly Phe 
GTT GAA 
/al Clu 
TCT TCC 
S e r S e r 
AAA CAG GTT 
Lys Gin Val 
GAA ACT TCC 
Glu Thr ¿ e r 
AAA ATG ACC 
Lye Met Thr 
CGA ATT AAA 
Arg Ile Lys 
AAA GAC CTG 
Lye Aep Leu 
GCA GTA TTC 
Ala Val Leu 
TAT CGT CS" 
Tyr Arg Arg 
TGT GGT ATT 
Cye Gly Ile 
CAA CGT CCT 
Gin Arg Pro 
ATT GAC 
He Asp 
AGA CAC 
Arg Чіз 
TCT TAT 
S e r Tyr 
ACG CGA 
Tnr Arg 
ATT TTT 
Ile Phe 
GAC GCT 
Aep Ala 
CTG GTÍ 
Leu Val 
CC" АДА 
Pro Lys 
GAC TGG 
Asp Trp 
CAT TTG CGA 
His Leu Arg 
CGT ACT TTA 
Arg Thr Leu 
CAA AAG GAG 
Gin Lys Glu 
TAT TTG AAG 
Tyr Uiu Lys 
GAT TTA TGG 
Дер Leu Tri) 
АТС CAG TCT 
Ile Gin 5er 
AAÎ GAG GGT 
Aen Clu Gly 
TCT CAA CTG 
Ser Gir leu ι 
TAT ДАТ GAG ' 
Tyr Asn Olu 
TCA CA ATG 
| м е £ 
I TCT CGT 
ι S e r A i v 
I GAT GAA 
Aep Glu 
ι CGT CTG 
| Arg Leu 
CTT TGT 
leu Cus 
CAG GGC 
Gin Gly 
GGT CAG 
Gly Gin 
CGC CTC 
Arg Leu 
AAG CCT 
Lys Pro 
CCA GC5 
Pro Ala 
GTT CCG 
.al Pro 
TAT TCA CTG 
Tyr Ser Leu 
TAT (¡CG CCT 
Tyr Ala Pro 
AAT GAG CAG 
Aen Glu Gin 
GGT CTG TAC 
Gly Leu Ώ/r 
ATT AAA GTT GAA ATT , 
Ile Lys Val Glu Ile , 
CTT TGT TAC GTT GAT 
Leu Cys Tyr Val Aap 
ACC GTT CAT CTG TCC 
Thr Val Чіз Leu Ser 
I CCA TCT 
P r o S e r 
GGT AAT 
Gly Asn 
TTC AAA 
Phe Lys 
CAA GCC 
Gin Ala 
GAA TAT 
Glu Tyr 
GTT GGT 
Val Gly 
' TCT GGT GTT CAA TTT ACT , 
Gin Phe Thr Thr Arg Ser Gly Val ' 
CCG GTT CTT 
Pro Val Leu 
CAG TIC GGT 
Gin Phe Gly 
GTC AAG 
Val Lys 
TCC CTT 
S e r Leu 
ATT ACT CTT 
Ile Thr Leu 
ATG ATT SAC 
Met lie Asp 
GCT AAG 
Ala Lys 
ATG GAG 
yet Glu 
CAG GTC GCG GAT TTC 
Gir Val Ala Asp Phe 
АСА ATT 
Thr Ile 
TAT CAG 
Tur Gin 
GCG ATG ATA 
Ala Met Ile 
CAA АТС 
Gin Ile 
TCC GTT GTA 
Ser Val Va 
l7\ 
TTC GCG 
Phe Ala 
CTT GGT 
Leu Cly 
ATA АТС GCT 
П е Л е Ala 
GGG GGT CAA ( 
Glg Cly Gin / 
TGA GT GTT Π Α GTG TAT TCT П С GCC TCT TTC GTT TTA GGT TGG TSC CTT 
1
 CGT AGT GGC ATT ACG TAT T T ACC CGT 
ι Ari; Ser Gig Tie Thr Tyr Phe Thr Arg 
Π Α ATG GAA 
Leu ^et Glu 
•Het Ser Val Leu Val 
ACT TCC TC» TGA AA AAG 
Thr S e r Se г 
ГсТС GTT CCG ATG CTG TCT П С GCT GCT 
Leu Val pro Vet Leu Ser Phe Ala Ala 
G3T TAT GCG TGG GCG ATG GTT GTT GTC 
Лу Tyr Ala Trp Ala Vat Val Val Val 
Tyr Ser 
TC T TTA 
Pfte Ala 
GTC CTC 
Ser Phe Val 
AAA GCC TCT 
Leu Gly 
GTA GCC 
T r p CyB Leu 
GTT GCT ACC 
4et Lys lys Ser Leu /al Leu Lys Ala Ser Val Ala Val Ala Thr £ 
GAG GGT GAC 
Glu Gly Asp 
ATT GTC GGC 
II« Val Gly 
GAT CCC GCA AAA SCG 
Aep Pro Ala lys Ala 
GCA ACT АТС GGT АТС 
Ala Thr Ile Gly Ile 
1526 ACC GAT АСА ATT AAA GGC TCC TTT TGG AGC CTT TTT TTT TGG AGA TTT TCA AC 
CCT TTC TAT TCT CAC TCC GCT GAA ACT 
Pro Phe Tyr Ser His Ser Ala Glu Thr 
AAA ACT TTA GAT CGT TAC GCT ДАС TAT 
Lys Thr Leu Asp Arg Tyr Ala Aen Tyr 
GGT АСА TGG GTT CCT ДТТ GGG CTT GCT 
Gly Thr Trp Val Pro Ile Gly Leu Ala 
GTT GAA AGT 
Val Glu Ser 
GAG GGT TGT 
Glu Gly Сув 
АТС CCT GAA 
Tie Pro Cíu 
TGT TTA GCA AAA CCÏ CAT 
Cye Leu Ala lue Pro Hts 
CTG TGG ДАТ GCT АСА GGC 
Leu Trp Asn Ala Thr Cly 
AAT GAG GGT GGT GGC TCT 
Asn Glu Gly Gly Gly Ser 
TTT AAC 
Phe Asn 
CTG TTT 
Leu Phe 
[GTG AAA 
Met Lye 
АСА GAA 
Thr Glu 
GTT GTA 
Val Val 
GAG GGT 
Glu Gly 
TCC CTG 
S e r Leu 
AAG AAA 
lysjje^ 
AAA TTA 
Lye ueu 
AAT TCA 
Asn S e r 
GTT TGT 
Val Cys 
GGC GGT 
Gly Gly 
CAA GCC TCA 
Gin Ala Ser 
TTC ACC TCG 
Phe Thr Ser 
GCG ACC 
Ala Thr 
GAA TAT АТС 
Glu V τ1* 
AAA GCA AGC TGA TAA 
Lys Aia ' " e r I 
TTA TTC GCA 
Leu Phe Ala 
TTT ACT ДДС 
Phe Thr Aen 
ACT GGT GAC 
Thr Gly Asp 
TCT GAG GGT 
Ser Glu Gly 
г-л 
ATT CCT TTA GTT G'T 
lie Pv Leu Val Va 
CTC TGG 
Val Trp 
GAA ACT 
Clu Thr 
GGC GGT 
Gíy Gly 
AAA GAC GAC ¡ 
lys Asp Asp 
CAG TGT TAC I 
Gin Cys Tyr ' 
TCT GAG GGT | 
Ser Glu Gly 
Fig 1 Nucleotide sequence and amino acid sequence of bacteriophage M13. 
The numbering of nucleotides is in the Б'+З' direction of the vir­
al DNA strand and starts at the unique Яг^ІІ-сІеа аде s i t e . The M13 
genes are boxed in. The asterisks denote the differences observed be­
tween the nucleotide sequence of phage M13 DNA and that of the closely 
related phage fd (Beck et al, 1978) as will be discussed in Chapter IV. 
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CGC GGT ACT AAA CCT ССТ GAG TAC GGT GAT АСА ССТ ATT CCG CGC TAT ACT TAT АТС AAC CCT CTC GAC GGC ACT TAT CCG CCT GGT ACT 
ÍÍ¡^ -w >r bys tro ^го Glu Туг Gly Aap Thr Pro Ile Oro Ghj Туг Thr Туг Ile ASTI Pro Leu Asp Gly "hr Туг Pro iro и j Thr 
GAG CAA AAC CCC GCT AAT ССТ ДАТ CCT TCT GTT GAG GAG TCT CAG CCT CTT AAT ACT TTC ATG TTT CAG AAT AAT AGG TTC CGA AAT AGG 
ι, и υΐι «-•) f-rj nli Asr· Rro Asn Pro 9er Leu Glu G„i¡ 9er Gin Pro Leu Asn Thr Phe Met Phe Gin Aan Ann Arg ΡΊβ лг; Aen Arg 
CAG GGG GCA TTA ACT GTT TAT ACG GGC ACT GTT ACT СЛА GGC ACT GAC CCC GTT AAA ACT TAT TAC CAG TAC ACT CCT GTA TCA TCA AAA 
'• / itJ I -. '•»· '-li Туг ?пг GLIJ ?hr Val rhr Gir G1j Thr Аэр ΐго Val LJC Tnr Туг Tur Gin Туг ТУ 'го Vai •.г J T I ya 
GCC ATG TAT GAC GCT TAC TGG AAC GGT AAA TTC AGA GAC TGC GCT П С CAT TCT GGC TTT AA T GAG GAT CCA TTC GTT TGT GAA TAT CAA 
H 7 et ι игр ti'a Tjr "rp 4зп Cty Lys Fhe мгд лкр .ys Д'а Phe His Ser Gly Fhe 4sr G^Á Asp Pro Pie /al i~ys JÍ-I» "иг '¡.η 
GGC CAA TCG TCT CAC CTG CCT CAA CCT CCT GTC AAT GCT GGC GGC GGC TCT GGT GGT GGT TCT GGT GGC GGC TCT GAG GGT GGT GGC 'CT 
Gì.¡f Gir SbT Cer Aip LPU Pro Gly ¿го ¡Ъо Va7 Аз* Ala Gly GLJ Gly Ser Giy Gly Gly Ser Gly G^j Ыу ье" Cu C'y CLJ ι y ar 
GAG GG' GGC GGT TCT GAG GGT GGC GGC TCT GAG GGA GGC GGT TCC GGT GGT GGC TCT GGT TCC GCT GAT TTT GAT TA' GAA AAG ATG GCA 
ι и л', и j Kj у '"d" Cu Cly yjlìj Су Ser G и Gly Gly Gly Ser Gly Gly Gly Ser Gly Ser Cly Aap Die Asp Tyr Glu. j<. *''t я г ' 
AAC GCT AA' AAG GGG GCT ATG ACC GAA АЛ' GCC GAT GAA AAC GCG СТА CAG TCT GAC GCT AAA GGC AAA CTT GAT TCT GTC GCT AC* GAT 
„η /ι„<ϊ ¿-¡г uys "it-y Ala 'Jet '"hr Glu Asr Ala Asp G,u Asn Ala ieu С??і ¿er 4βρ Ala Lys Gly Lys Leu Азр Se™ Val nia Tir льр 
TAC GGT GCT GCT АТС GAT GGT TTC ATT GGT GAC GTT TCC GGC CTT GCT AAT GGT AAT GGT GCT ACT GGT GAT 'TT GCT GGC TCT AAT TCC 
jr -jij /ьа *IJ lie Aap Су p'ie Tle Gly Asp Val Ser Gly Leu Ala Asn Gly Aan Gly Ala Thr Giy Авр ріе Ala G J --er / з>- "-er 
CAA ATG GCT CAA GTC GG' GAC GGT GAT AAT TCA CCT TTA ATG AAT AAT П С CGT CAA TAT TTA CCT TCC CTC CCT CAA TCG G'T GAA TGT 
Cn У г Ala Gin »"t Gly Asp C'y Asp Asn Ser Pro ьеи 4et Aen Asn Phe Arg Gin Туг ьеи Pro Ser Leu pro Gun 3er Val /tu CjS 
CGC ССТ -Гт S'C Т'Т AGC GCT GGT AAA CCA TAT GAA TTT TCT ATT GAT TGT GAC AAA ATA AAC TTA TTC CGT GGT GTC TTT GCG 'TT CTT 
/ι/_ι rrj ?ПІ. t-'i. the Ser Ala Cj у^ P"c "yv Glu Phe Ser Ile Asp Lys Авр Lys Ile Asn Leu Phe Arg Gly Val F"e Uà "if le. 
TTA TAT GT' GCC ACC TTT ATG TAT GTA TTT TCT ACG H T ßCT ДДС ATA CTG CGT ААГ AAG GAG TCT 
Le, Tjr /aZ n'a Tnr Pie ^et Tyr Val Phe Ser ^hr Phe Ala Asn lie Leu Arg Aen Lys Glu Ser 
TAA TC ATG ССД GTT CTT TTG GGT 
Vtfí Pro ·αΙ *еи Lsu Gly 
I ATT CCG TTA TTA TTG CGT TTC CTC GGT TTC CTT CTG GTA ACT TTG TTC GGC TAT CTG CTT ACT TTT CTT AAA AAG GGC TTC GGT AAG ATA 
He Pro Leu Leu Leu Arg Phe Leu Gly Phe Leu Leu Val Thr Leu Fhe Gly Tyr Leu Leu Thr Phe Leu Lys Lys Gly Phe Gly Lys Ile 
GCT ATT GCT ATT TCA TTG TTT CTT GCT CTT ATT ATT GGG CTT AAC TCA Α Π CTT GTG GGT TAT CTC TCT GAT Α Π AGC GCT CAA TTA CCC ι 
Ala He nía He Ser Le« Phe Leu Ala Leu He He Gly Leu Asn Ser /Ze Leu Val Gly Tyr Leu Ser Авр Ile Ser Ala Gin Lej Pro 
I 
TCT GAC TTT GTT CAG GGT GTT CAG TTA ATT CTC CCG TCT AAT GCG CTT CCC TGT П Т TAT GTT ATT CTC TCT GTA AAG GCT GCT A TT TTC 
S^r Asp Fhe Val Gir G,y /al Gin Teu He leu Pro Ser Asn Ata Leu Pro Cys Phe Tyr Val He Leu Ser Val Lys Ala Ala He Phe i 
ATT TTT GAC G'T AAA CAA AAA АТС GTT TCT TAT TTG GA1" TGG GAT AAA TAA*T 'ATG GCT GTT ТА"1" TTT GTA ACT GGC AAA H A GGC TCT^ 
He Pne Asp /ai Lys Sin »¿в Ile /al Ser Tyr Leu Asp Trp Aap Lye\ Met Ala Val Tyr Phe Val Tir Gly Lye Leu Glj Ser 
GGA AAG ACG CTC GTT AGC G'T GGT AAG ATT CAG GAT AAA A"T GTA GCT GGG TGC AAA ATA GCA ACT AAT CTT GAT TTA AGG CTT CAA AAC 
' Ci.j LJJS Trr Leu /a" Ser Val Gly ^уэ Ile G}n Asp Lys Ile Val Ala Gij Суз Lye Ile Ala Thr Asn Leu Asp Leu Arg Leu Gin Asn 
* * · 
ι CTC CCG CAA GTC GGG AGG TTC GCT AAA ACG CCT CGC GTT С П AGA A'A CCG GAT AAG CCT TCT ATA TCT GAT Г С CTT GC" ATT GGG CGC 
Leu Fro Gir /al Су Arg Pne Ala иуа ^hr Pro Arg Jal Leu Arg He Clro Asp Lys Pro Ser He Ser Asp Leu Leu Ala He Gly Arg 
' GGT AAT GAT TCC TAC GAT GAA AAT AAA ЛАС GGC TTG CTT GTT CTC GAT GAG TGC GGT ACT TGG TTT AAT ACC CGT TCT TGG AAT GAT AAG 
oly Aan Msp S^r Tjr Asp Glu Asr Lys Asn Gly ьеи Leu /al ~eu Лчр Glu Суз Gl/ Thr Trp Phe Asn Tnr Arj Ser Τιγ Aan Asp Iуз 
GAA АСА CAG CCG ATT ATT GAT TGG TTT СТА CAT GCT CGT AAA TTA GGA TGG GAT ATT A H TTT CTT GTT CAG GAC TTA "CT ATT GTT GAT 
j'u ι rg G7n Fr? Ice He Asp Trp Phe Leu His Ala Arg Lys teu Gly Trp Asp He He Fhe Le*. Val Gin Aap Leu Ser /te Val Asp 
AAA CAG GCG CGT TCT GCA T'A GCT GAA CAT GTT GTT TAT TGT CGT CGT CTG GAC AGA ATT ACT TTA CCT T H GTC GGT ACT TTA TAT TCT 
'ys o'n fila ыд í^r Ai.a Leu Aìa Clu Hie Val Val Туг Суч Aig Arg Leu Asp Arg Ile Thr Leu Pro Phe Val Cy Thr Leu Tyr Ser 
CTT ATT ACT GGC TCG AAA ATG CCT CTG CCT AAA TTA CAT GTT GGC GTT GTT AAA TAT GGC GAT TCT CAA TTA AGC CCT ACT G'T GAG CGT 
Leu He Thr Giy Ser Lys Met Pro Leu Pro ы/ч Leu Ига *al Gly Val Val Lys Tyr Gly Авр Ser Gin Leu Ser Pro "hr íal Glu Arg 
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3772 TGG CTT TAT ACT GGT AAG AAT TTG TAT AAC 
τ
Γρ Leu Tjr Thr d ' y Lys Азп Leu Туг Aan 
ACG CCT TAT TTA TCA CAC GGT CGG TAT П С 
Thr Pro Tjr ьеи Ser Я-s Gly Arg Туг Phe 
CGC GTT C T ' TG' CTT GCG ATT GGA TTT GCA 
лг-j Val Lea Cjs »eu Ala Ile Gly Phe Ala 
CAG ACC TAT GAT TTT GAT AAA TTC ACT ATT 
ι Gin Thr Туг Asp Phe Авр Lye Phe Thr He 
ι 
TTA ATT AAT AGC GAC GAT TTA CAG AAG CAA 
I Lpu lie t &n Ser Авр Aap Leu Gin Lye Gin 
ыгг 
ТАА Τ Π Τ GTT ι GAA ATT GTT AAA TGT ДАТ 
' I r'u Ile Val Lys t-уч Aan 
ÌHe* Lye Leu Leu Asn Val Ile Азп Phe /al 
4310 CTG CGC GAT TTÎ GTÎ ACT TGG TAT TCA AAG 
Leu Arg лзр phe /αϊ ΓΊΓ Trp Туг Ser Lye 
GCA TAT GA : ACT AAA CAG GCT 4 T TCT AGT AAT TAT GA" TCC GGT GTT TAT TCT TAT TTA 
Ala Tyr Aap Thr Lye Gin A'a Phe Ser Ser Аап Туг Aap Ser G'j Jal Tur Ser Tur Le* 
AAA CCA TTA AAT TTA GGT CAG AAG ATG AAA TTA ACT AAA ATA TAT TTG AAA AAG T'I TCT 
Lya Pre Leu Aan ueu Gly Gin Lya Het ьуа Leu Thr Lys lie ^уг *eu ~ys Lya phe Ser 
TCA GCA TTT АСА TAT AGT ТАГ ATA ACC CAA CCT AAG CCG GAG G F AAA AAG GTA GTC TCT 
Ser Ala Phe Ч-г Tyr Ser Tyr Ile Thr Gin Fro Lya Pro Gl* lal Lya Lue Va' Val Ser 
GAC TCT TCT CAG CGT CTT ДАТ СТА AGC TAT CGC TAT GTT TTC AAG GAT TCT AAG GGA AAA 
Aap Ser Ser Gin Arg Leu Aan Le* Ser Tyr Arg Tyr Val Fhe Lya Aap Ser Lya Gly Lya 
GGT TAT TCA CTC АСА TAT ATT GAT Π Α TGT ACT GTT TCC ATT AAA AAA GGT ДАТ TCA / C T 
Gly Tyr Ser ueu Thr Tyr lie Aep Leu Cya "hr lai Ser ile ' JB Lye Gly Аап Ser ι зп 
TTC TTG ATG TTT GTT TCA TCA TCT TCT TTT GCT CAÍ GTA ATT GAA ATG AAT AAT TCG CCT 
Phe Leu 4et Phe Val Ser Ser Ser Ser Phe Ala Cln Val Tie 
CAA TCA GGC GAA TCC GTT ATT GTT TCÎ CCC GAT G*Â AAA GGT 
Gin Ser Gey Glu Ser Val Ile Val Ser Pro Авр Val Lye Gl¿ 
4400 TCT GAC GTT AAA CCT GAA ДАТ СТА CGC ДАТ TTC TTT ATT TCT GT' TTA CGT GCT AAT AAT TTT GAT A'G GTT 
I Ser Aap Val Lys Pro Gl* Aar Leu Arg Asn Phe Phe He Ser Val Leu Arg Ala Аап Аап Pne Aap Met Vat. 
ATT CAG AAG TAT AAÎ CCA AAC ДАТ CAG GAT 
Ile Gin Lye Туг Авп Pro Aen Авп Gin Авр 
GGT GGT TTC TTT GT' CCG CAA AAT GAT AAT 
Gly Gly Phe Phe Val Pro Gin Aan Aap Aan 
TTG TTT GTA AAG TCT AAT ACT TCT AAA TCC 
Leu Phe Val Lya Ser Aan Tnr Ser Lya Ser 
TTA GAT AAC CTT CCT CAA TTC CTT TCT ACT 
leu Авр Авп Leu Pro Gin Phe Leu Ser "hr 
GAT GCT TTA GAT TTT TCA TTT GCT GCT CGC 
Aap Ala Leu Asp Pne Ser Phe Ala Ala Gly 
TCT GCT GGT GGT TCG TTC GGT ATT П Т ДАТ 
Ser Ala Gly Cuy Ser Phe Gly Ile Phe Авп 
TCT GTG CCA CGT ATT CTT ACG С П TCA GGT 
Ser Val Pro Arg Ile Leu Thr Le* Ser C'y 
GAA TCT GCC AAT GTA ДАТ ДАТ ССД TTT CAG 
Glu Ser Ala Аап lal Аап Аап Irò Phe Gir 
GGT ДАТ ATT GTT CTG GAT ATT ACC AGC AAG 
Gly Asn Ile Val Leu Aap Ile Thr Ser uys 
GCT ДСД ACG GTT ДАТ TTG CGT GAT GGA CAG 
Ala Thr Thr Jal Аап Leu Arg Asp Gly Gir 
5390 TTC CTG TCT AAA АТС CCT "ТА АТС GGC CTC 
Phe Le* Ser Lya Ile Pro Leu Ile Gly ueu 
'AT ATT GAT GAA TTG CCA TCA TCT GAT ДАТ CAG САД TAT GAT 
Tyr Ile Aap Gl* Leu Pro Ser Ser Авр Aan Gin Glu Tyr Aap 
GTT ACT САД АСІ TTT AAA ATT AAT AAC GTT CGG GCA AAG GAT 
Val Thr Gin ^hr Phe Lya Не Авп Авп Val Arg Ala lya Aap 
TCA AAT GTA TTA TCT ATT GAC GGC TCT ДАТ СТА TTA GTT GTT 
Sar Aan Val Leu Ser Ile Авр Gly Ser Авп Leu Leu Val Val' 
С П GAT TTG CCA ACT GAC CAG АТД TTG ATT GAG GGT TTG ATA 
Jal Аэр Le* Pro Thr Aep Cln Tle Leu Ile Glu Gly leu Ile 
TCT CAG CGT GGC ACT GTT GCA GGC GGT G H ΑΛΤ ACT GAC CGC 
Ser Gin Arg Gly Thr Val Ala Gly Gly Val Аап Thr Asp Arg 
GGC GAT GTT TTA GGG СТА TCA GTT CGC GCA TTA AAG ACT ДАТ 
Gly Aap Val Leu Gly Leu Ser Val Arg Alu Leu Lya Thr Asn 
CAG AAG GGT TCT АТС TCT GTT GGC CAG AAT GTC CCT TTT ATT 
Gin Lya Gly Ser Ile Ser Val Gly Gin Аап Val Pro Pne rle 
ACG ATT GAG CGT САД ДАТ GTA GGT ATT TCC ATG AGC GTT TTT 
Thr Ile Glu Arg Gin Asn Val Gly Ile ¿er Het oer Jal Prie 
GCC GA* AGT TTG AGT *CT *CT ACT CAG GCA AGT GA" GTT ATT 
Ala Asp Ser Leu Ser Ser Ser "Tir Gin Ala Ser Aap Jal *7е 
AC* CTT TTA CTC GGT GGC CTC ACT GAT TAÎ AAA AAC ACT TCT 
Thr Le* Leu Leu Gly Gly Leu T V Aap 'ryr Lya Aar Thr Ser 
CTG TTT AGC TCC CGÏ TCT GAT TCC AAC GAG GAA AGC ACG TTA 
¿ем Phe Ser 9er Aro Ser Asp Ser Aan Glu G'* Ser Thr Leu 
Glu 'Jet Aan Aan Ser Pro 
ACT GTT ACT GTA TAT TCA 
Thr Jal Thr Jal Tyr Ser 
GGT TCA ATT CCT TCC ATA 
jly Ser l'c Pro Ser lie 
GA* AAT TCC GCT CCT TCT 
мэр Авп Ser Ala Pro Ser I 
TTA ATA CGA GTT GTC GAA I 
Le* Ile Ai g Jal Ja} Glu , 
AGT GCA CCT AAA GAT ATT 
Ser Ala pro Lya Aap lie 
TTT GAG GTT CAG CAA GGT 
Phe Glu Jo' Gin Gin Gly 
CTC ACC TCT GTT TTA TCT 
Leu Thr Ser fa' Leu Ser 
AGC CAT TCA AAA ATA TTG 
Ser Чіз ^ег »ув Ile -e* 
ACT GGT CGT GTG ACT GGT 
Thr Gly Arg Jal Thr C'y 
CCT GTT GCA ATG GCT GGC 
Pro laL· Ala let Ma C'y 
ACT ДАТ САД AGA AGT AT* 
Tnr Іял Sin xrg jer ¿ β 
САД GAT TCT GGÎ GTÎ CCG 
Gin Ачр rer "il/ Jal Tro 
TAC GTG CTC ITC AAA GCA 
Tur ta reu Vat- L*B Ala 
ACC ATA GTA CGC GCC CTG 
Thr Ile Val Arg Ala Leu 
'AG CGG CGC ATT AAG CGC GGC GGG TGT GGT GGT TAC GCG CAG CGT GAC CGC TAC ACT TOC CAG CGC CCT AGC 
5S70 GCC CGC TCC TTT CGC TTT CTT CCC T'C С П 
5660 CCG ATT TAG TOC TTT ACG GCA CCT CGA CCC 
TCT CGC CAC GTT CGC CGG CTT TCC CCG TCA AGC TCT AAA TCG GGG GCT CCC TTT AGG GTT 
САД АДА ACT TGA TTT GGG TGA 'GG TTC ACG TAG TGG GCC АТС GCC CTG ATA GAC GGT TTT 
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5750 TCG CCC TTT GAC GTT CCA CTC СДС GTT СТТ ТДД TAG TGG ACT CTT GTT CCA AAC TGC AAC AAC ACT CAA CCC TAT CTC GGG СТА TTC TTT 
5340 TCA TTT ATA ACC САГ TTT CCC CAT TTC CGC СТА TTG GTT AAA AAA TGA GCT GAT ТТЛ АСА M A ATT TAA CGC GAA TTT TAA САД ΑΛΤ ATT 
5930 AAC GTT TAC ДАТ ТТА ДАТ ATT TGC ТТД TAC ДАТ СТТ ССГ СТТ TTT GGG GCT TTT CTG ATT АТС AAC CGC GGT АСА Τ ІАТС A H GAC ATG | 
60ia ÎCTA GTT ТТД CGA ТТА CCG TTC АТС CAT TCT СТТ СТТ TGC ТСС АСА CTC TCA CGC ДАТ GAC CTG ATA GCC TTT CIA СЛС CTC "CA AAA ATA 
up*! Vsl Leu Ai'J LCA frv F'L ¡la Aap Ser Leu Ы . .^,« jt*r Ai'j _ьч ^е" *іи t^n nsp Li.'u -Ve Aia t/,. .с:' Ί Ϊ ? ι * ~· " ..jì -Γΐ^ 
о 
61С8 GCT ACC CTC ТСС GCC ATG ДАТ ТТА TCA CCT АСА ACG G*T GAA TAT CAT ATT GAT GGT GAT TTG ACT GTC ТСС GGC CT" ТСГ CAC CCI TTT I Ü 
Ala T)ir Leu Ser Glu Peí Asti u°u Ser Ala Лгэ 7nr vit. jl« ../'· riz ι ce /isp i¡,u нс£ ¡ с^ J T /ai Ccr ¡tu ^сл ^ег • и ira 'ι- . .. 
6198 GAA TCT TTÂ CCT АСА CAT TAC TCA GGC ATT CCA TTT ЛАД ЛТА TAT GAG GGT "CT AAA ΑΛΤ TTT TAT CCT TGC GTT GAA ΑΤΛ АЛО GCT TCT 
Glu Ser иел pro ihr Hie Туг Л.Г Gij tie Α,α pre Lus III· Tjr "lu Gij /er _із Аэп ¡У* Λ,Γ рта Су* jal ûïu lie ^j3 Ala er 
6283 CCC GCA AAA GTA ТТА CAG GGT CAT ДАТ GTT TTT CGT АСА ACC SAT TTA GCT ТТД TGC "CT GAG GCT TIA TTG CTT AST T'T GCT ДАТ TCT ' 
ι ÍY- Ala ьуэ .al Lau Gin Cly Νια АЗП Jal the Gij Tir Гпг / I T Leu Ala ьеи С Б Ser G.и hla U'u Le* u'u илч r ч е Ali ,<*>, rr 
6378 ' TTG CC" TGC ÎTG "AÎ GAT ТТД TTG ЗДТ GTT ι 
Leu Ito Lys *eu Tur Аэр Leu Leu Аэр Val 
Fig 1 Continued 
Table I CODING CAPACITY OF M13 DNA AND HYDRC^HOBICITY OF ITS PRODUCTS 
GPPP Nucleotides S t o p A m i n o M o 1• w e i g h t Hydrophobicity bene iNucieotiaes
 c o d o n a c i d s o f p r o t e i n ( χ ) 
II 
X 
V 
VII 
IX 
VI 
I 
IV 
VIII 
VIIIp 
III 
IIIp 
1230 
333 
261 
99 
96 
336 
1044 
1278 
219 
(150) 
69 
1272 
(1218) 
54 
TAA 
TAA 
TAA 
TGA 
TGA 
TAA 
TAA 
TAG 
TGA 
-
-
TAA 
-
-
410 
111 
87 
33 
32 
112 
348 
426 
73 
(50) 
23 
424 
(406) 
18 
46,117 
12,670 
9,666 
3,587 
3,654 
12,264 
39,500 
45,791 
7,622 
(5,234) 
-
44,748 
(42,675) 
-
31.0 
30.6 
31.0 
42.4 
40.6 
50.9 
29.6 
33.5 
34.2 
28.0 
47.8 
20.0 
18.7 
50.0 
The values in parentheses refer to the processed virion protein products 
of genes VIII and III. The N-terminal peptides cleaved off during this 
processing reaction at the membrane are presented by VIIIp and IIIp, re­
spectively. Hydrophobicity of the protein products has been calculated 
as described by Dayhoff et al (1976). 
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the 5'-»3' direction corresponds with the direction of transcription of 
the filamentous phage DNA genome, the latter sequence also represents 
the coding sequence from which the amino acid sequence of the gene 
products can be read directly. The exact length of the various M13 genes 
and the molecular weights and amino acid compositions of their protein 
products are summarized inTablesI and II. For convenience, the positions 
Table II AMINO ACID C014P0SITI0N OF BACTERIOPHAGE M13 PROTEINS 
Gene 
II X V VII IX VIII VIIIp III IIIp VI I IV 
Gly 
Ala 
Leu 
Ser 
Val 
Lys 
'Ihr 
Glu 
Pro 
Asp 
Ile 
Arg 
Asn 
Gin 
Phe 
Туг 
Cys 
His 
Met 
Trp 
TOTAL 
17 
28 
47 
46 
26 
21 
22 
17 
16 
23 
22 
20 
24 
14 
25 
15 
6 
9 
7 
5 
410 
4 
7 
8 
12 
10 
5 
5 
3 
6 
6 
6 
7 
8 
3 
7 
6 
2 
1 
3 
2 
111 
7 
4 
10 
7 
8 
6 
4 
4 
6 
3 
4 
4 
2 
6 
3 
5 
1 
1 
2 
-
87 
3 
4 
2 
1 
3 
-
1 
1 
-
2 
5 
1 
-
4 
2 
1 
1 
-
2 
-
33 
2 
1 
4 
6 
3 
-
3 
1 
-
-
1 
2 
-
-
3 
2 
1 
-
2 
1 
32 
4 
14 
6 
7 
8 
8 
4 
2 
2 
2 
4 
-
1 
1 
4 
2 
-
-
3 
1 
73 
' 4) 
10) 
2) 
4) 
[ 4) 
5) 
3) 
2) 
1) 
2) 
4) 
'-) 
1) 
1) 
3) 
2) 
-) 
-) 
1) 
1) 
50) 
-
4 
4 
3 
4 
3 
1 
-
1 
-
-
-
-
-
1 
-
-
-
2 
-
23 
67 
29 
22 
35 
22 
16 
26 
26 
27 
24 
10 
9 
29 
15 
23 
21 
8 
3 
8 
4 
424 
67) 
[ 28) 
( 19) 
33) 
( 20) 
' 14) 
26) 
' 26) 
25) 
( 24) 
( 9) 
[ 9) 
[ 29) 
r
 15) 
21) 
[ 20) 
8) 
2) 
7) 
4) 
406) 
-
1 
3 
2 
2 
2 
-
-
2 
-
1 
-
-
-
2 
1 
-
1 
1 
-
18 
8 
7 
24 
8 
9 
7 
2 
-
5 
5 
13 
1 
2 
4 
10 
4 
1 
-
1 
1 
112 
23 
14 
40 
29 
25 
33 
20 
7 
13 
23 
21 
17 
16 
14 
14 
21 
6 
4 
3 
5 
348 
30 
19 
41 
57 
44 
17 
26 
12 
17 
27 
29 
15 
34 
20 
23 
7 
-
1 
6 
1 
426 
The values in parentheses refer to the native products of genes VIII and 
III. The N-terminal peptides cleaved off during the processing reaction 
are designated by VIIIp and IIIp, respectively. 
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of the various amber mutations, determined to demarcate the M13 genes, 
are taken together in Table III. 
Table III POSITION OF AMBER MUTATIONS I!! THE DVA-SEQUEVCE 
Gene mutant mutated position base change 
214 ОТ 
6348 ОТ 
999 ОТ 
999 ОТ 
999 ОТ 
999 ОТ 
999 ОТ 
906 ОТ 
1114 ОТ 
1141 ОТ 
1114 ОТ 
1371 ОТ 
2017 ОТ 
2017 ОТ 
2473 ОТ 
3066 ОТ 
3066 ОТ 
3066 о т 
3066 о т 
3066 о т 
3262 ОТ 
5264 ОТ 
All nucleotide numbers refer to the M13 nucleotide sequence (Fig 1), 
The position of the gene VIII mutant is taken from Boeke and Model 
(1979), those of the gene V and VII mutants from Hulsebos (1980). 
Gene III 
Previously it has been demonstrated that the amber mutation am3-H5 
within gene III can be rescued by the wild-type restriction fragment 
ЯарІІ-Н (van den Hondel et al, 1975b). Interestingly, in the nucleotide 
sequence of the viral strand of this wild-type fragment there is only 
one CAG sequence present. This is located 25 base pairs to the left of 
the Hinfl cleavage site between the fragments Hinfl-C and E (of Fig 1, 
II 
V 
VII 
VIII 
I II 
VI 
I 
IV 
M13 ατηΖ-ΗΖ 
f i R124 
M13 аш5-Н1 
M13 am5-H3 
M13 ат5-Н27 
fi R13 
fi R99 
fd 122 
M13 am7-H2 
M13 cm7-H3 
fi R148 
M13 ат8-Н1 
M13 атЗ-Hl 
M13 атЗ-Н4 
M13 атпЗ-НБ 
M13 атб-НІ 
M13 дат6-Н2 
M13 атб-НЗ 
M13 атб-Нб 
M13 агп6-Н7 
M13 аи1-Н7 
fi R143 
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Chapter II). Therefore, it is very probable that this CA6 sequence is 
mutated into a TAG (amber) codon contained in am3-H5 phage DNA. To ob­
tain evidence for this, we sequenced part of the Hinfl-C fragment which 
was isolated from M13 RF bearing the am3-H5 mutation. The amber mutant 
fragment was terminally labelled with (γ-32Ρ)-ΑΤΡ and subsequently di­
gested with ЯарІІ. After fractionation, isolation and sequencing of the 
fragment which bears the 32P-label at the 5'-end of the complementary 
(non-viral) strand, a single change of a G->A was observed (Fig 2). 
A + G G -А С C+T A + G G»A С C»T 
с 
G 
A 
Τ 
G-A 
τ 
с 
A 
G 
A 
Fig 2 Part of the DNA sequence 
of the complementary 
strand of fragment Hinfl-C 
derived from wild-type RF and 
amber mutant am3-H5 RF. Se­
quencing procedure was ac­
cording to Maxam and Gilbert 
(1977). 
A Met» 3 - H S 
This change occurred in the non-viral strand sequence 5'-CTA-3', a se­
quence which corresponds to the amber codon 5'-TAG-3' in the viral 
strand. The mutation, am3-H5, which therefore originates from а О Т 
transition in the viral strand, is located at position 2473 (Fig 1). 
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Two other amber mutants of gene III, i.e. am3-Hl and am3-H4 were both 
salvaged by the wild-type fragments ήαρΙΙ-Ε2 and Haelll-C (van den 
Hondel et al, 1976). As a consequence, the positions of these mutations 
have to be located within the overlapping region of these two fragments 
i.e. between the nucleotide positions 1925 and 2246 {of Chapter II). 
As fragment î'aql-E extends into this region, we sequenced part of the 
latter fragment derived from M13 RF bearing either the ашЗ-НІ or the 
am3-H4 mutation. In both cases a single G->-A change was observed in the 
non-viral strand sequence of these fragments (data not shown). These 
changes which correspond to a О Т transition in a S'-CAG-S' sequence of 
the wild-type viral strand, were both found at position 2017 (Fig 1). 
The атЗ-НБ, атЗ-Hl.and am3-H4 mutations were found in phase with each 
other thereby confirming that the length of the deduced sequence for 
this part of the genome is correct. 
With the aid of these data and the information gained from protein 
synthesis studies, the amino acid sequence of the gene Ill-product can 
now be deduced. Edens et al (1978b) have demonstrated that gene III, 
which codes for the minor capsid protein of the phage, is contained en­
tirely on fragment Alul-k. Recently, the N-terminal amino acid sequence 
of the minor capsid protein of the closely related phage fd has been es­
tablished (Goldsmith and Königsberg, 1977). This sequence, m^-Ala-Glu-
Thr-Val-Glu-Ser-, corresponds exactly with the nucleotide sequence at 
the positions 1633-1650 (Fig 1). 
The reading frame for this N-terminal polypeptide appears to be in 
phase with the mutated amber codons in phage M13 аиЗ-НБ, атЗ-М and 
aw3-Hl RF DNA. Since no ATG initiation codon is found immediately preceding 
this N-terminal sequence the start codon of gene III must be located 
more upstream but beyond the Alul cleavage site between the fragments N 
and A at position 1517 {of Fig I, Chapter II). No ATG codon, however, 
is present in this region. The only candidate for the start of gene III-
protein is the GTG codon at position 1579. That this GTG triplet is the 
initiation codon is strongly supported by the observation that an in 
phase stop codon (TAA) is found 14 triplets more upstream this initia­
tion codon (position 1537). Furthermore, the GTG codon is in the center 
of a potential ribosome binding site. Within the proposed ribosome bind­
ing site there are eight bases which are complementary to the З'-OH ter-
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minai sequence of ribosomal 16S RNA {af Chapter IV). This complementarity 
is a common feature of ribosome binding sites (Shine and Dalgarno, 1974) 
Our finding that the polypeptide initiated at this GTG initiation co-
don is 18 amino acid residues longer than the minor capsid protein pre­
sent in the mature phage particle, therefore strongly suggests that this 
capsid protein is synthesized in vivo as a precursor molecule. This con­
clusion is fully supported by previous observations of Konings et al 
(1975), who observed a difference in electrophoretic mobility on SDS 
gels between the gene Ill-product synthesized in vitro and the minor 
capsid protein isolated from the mature M13 virion. 
Reading in phase from the amber codon отлЗ-НБ in the 3'-di recti on we 
find a nonsense TAA codon at position 2851 (Fig 1). From these nucleo­
tide sequence data it therefore can be concluded that the precursor of 
the minor capsid protein is 424 amino acids long whereas the mature cap­
sid protein has only a length of 406 amino acids. The calculated molecu­
lar weight of the latter protein amounts 42,675. This value is substan­
tially lower than the average molecular weight of about 59,000-70,000 
estimated for this protein from the relative electrophoretic mobility 
on SDS-polyacrylamide gels (Konings et al, 1975; Model and Zinder, 1974; 
Goldsmith and Königsberg, 1977). 
As already pointed out by Schaller et al (1978) this discrepancy is 
probably due to the unusual features of gene IH-protein. In the nucleo-
tide sequence of phage M13 and fd two clusters of a fourfold repeat of a 
quindecanucleotide are present which code for the polypeptide Glu-Gly-
Gly-Gly-Ser (positions 1834-1893 and 2320-2379). In addition, the second 
cluster is preceded by another unusual cluster of nucleotides (posi-
tion 2284-2319) which codes for a three-fold repeat of the tetrapeptide 
Gly-Gly-Gly-Ser and is followed (position 2380-2391) by a single tetra-
peptide coding sequence {of Fig 1). It is probably due to this unusual 
clustering of the amino acids glycine and serine that aberrant molecular 
weights have been found on SDS-gels. 
Gene VI 
Marker-rescue experiments have clearly shown that several amber mu-
tants of gene VI are salvaged by the wild-type DNA fragment Alul-G (van 
den Hondel et al, 1976). For an exact localization of these mutation 
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sites within the established nucleotide sequence we made use of the 
'plus and minus' sequencing method of Sanger and Coulson (1975). Re­
striction fragments which partially overlap fragment Atul-G were ap­
plied as primers whereas the viral DNA strands isolated from five dif­
ferent amber mutants in gene VI were used as DNA templates. By using 
wild-type fragment Hhal-G as a primer for a limited DNA synthesis re­
action on отб-НЗ single-stranded viral DNA, we were able to show unam­
biguously that the sequence 5'-CTG-3' of the wild-type complementary 
strand has changed into a 5'-CTA-3' sequence in the mutant complemen­
tary strand (Fig 3). 
WllO-IYPS A M M R i - H S 
Fig 3 DNA sequence around the am6-H3 mutation site in phage M13 DNA. 
Sequencing procedure was the 'plus and minus' method (Sanger and 
Coulson (1975) with fragment Hhal-G as the primer. 
This change, which corresponds to a mutation of 5'-CAG-3' into 5'-TAG-3' 
in the viral strand, was found 31 base pairs to the left of the Hhal 
cleavage site between the fragments Hhal-H and Hhal-G (Fig 1, position 
3066). 
Although several other CAG codons are present within the sequence of 
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gene VI, we have observed that in all of the independently isolated am-
ber-6 mutants we have tested so far, i.e. отяб-НІ, ÍOT6-H2, атб-НЗ, агіб-Нб, 
and amb-H7, surprisingly it is only the codon at position 3066 which is 
mutated into an amber codon in these mutant M13 phages (data not shown). 
The initiation codon of gene VI protein was found by reading in the 
5'-di recti on and in phase from the mutated am-b codon till the nonsense 
codon at position 2841 (Fig 1). The first ATG codon beyond this TAA 
codon has been considered the initiation codon of gene VI (position 
2856). This codon, which is located only 5 base pairs beyond the C-ter-
minal end of gene III, is in fact the only in phase ATG codon present 
in gene VI which is located upstream of the mutated amber codon. The 
polypeptide encoded by gene VI is terminated at a TAA codon which is 
found at position 3192. 
The amino acid sequence of gene VI-protein, as deduced from the nu­
cleotide sequence data, is shown in Fig 1. The synthesis of this pro­
tein has never been demonstrated so far by in vitro translation experi­
ments (Model and Zinder, 1974; Konings et al, 1975; Edens et al, 1978b) 
nor has it been detected in M13-infected cells (Lin and Pratt, 1972) or 
minicells (Smits et al, 1978). However, from our results it can be con­
cluded that gene VI-protein has a length of 112 amino acids and a mole­
cular weight of 12,264. 
Gene I 
The mutant anl-H7, which is an amber mutation in gene I, is rescued 
by the wild-type fragment /Uul-G (van den Hondel et al, 1976). In the 
derived nucleotide sequence of fragment AZ-wI-G there are, irrespective 
of the reading frame chosen, only three CAG codons. One of these codons 
has already been characterized in the previous section as the amber co­
don present in the M13 mutant атб-НЗ. The second CAG codon is in the 
same reading frame at three triplets downstream of the атб-НЗ codon 
(position 3075) whereas the third is found in a different reading frame 
16 nucleotides from the З'-terminal end of the viral strand in fragment 
ЛііЛ-G (Fig 1, position 3262). 
Genetic studies have indicated that amber mutations within genes VI 
and I complement each other (Pratt et al, 1967). For this reason we con­
clude that the first CAG codon which was identified as the codon which 
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is mutated in the gene VI amber mutants, at the same time cannot be the 
codon which is mutated into an amber codon in aml-H7 mutant phages. For 
identical reasons the second CAG codon, which is in the same phase at 
an extremely short distance from the first CAG codon, cannot be the mu­
tated codon in aml-H7 RF. Hence, the third CAG codon on fragment Alul-G 
is most probably the codon which is mutated into an amber codon in 
cml-U7 phages. 
From the established nucleotide sequence it appears that the latter 
codon is part of the Hinfl cleavage site between fragments D and К (Fig 
1, Chapter II). The sequence of this particular region is 5'-GATTCAG-3'. 
If indeed the third CAG codon is mutated into the amber codon in aml-H7 
RF, then this sequence should be 5'-GATTTAG-3' resulting in a disappear­
ance of this particular Hinfl cleavage site. As shown in Fig 4, this 
turned out to be the case. 
Fig 4 Restriction cleavage pattern of wild-type 
M13 RF and aml-W7 RF after digestion with 
Hinfl. The fragments were displayed on a dis­
continuous gel consisting of 3% Polyacrylamide 
on top of a 10% Polyacrylamide gel layer (van 
den Hondel et al, 1975b) and visualized by stain­
ing with ethidium bromide followed by ultra-vio­
let irradiation. 
The fragments D and К present in the digestion pattern of wild-type M13 
RF are absent in the pattern of am\-W7 RF. In the latter digest, how­
ever, a fragment now can be observed which has no counterpart among the 
fragments of wild-type RF and which has a length equivalent to the sum 
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of the lengths of fragments Hinfl-Ü and K. From these observations we 
conclude that the amber mutation in anl-H7 RF is positioned within the 
Hinfl cleavage site between the fragments D and К at position 3262. 
Reading in phase from this amber codon in the 5'-direction the first 
nonsense (TAA) codon is found at position 3127. Only a single ATG codon 
(position 3196) is located between this nonsense codon and the mutated 
codon in aml-H7 RF whereas an in phase GTG codon is absent. It is there­
fore almost certain that this ATG codon which is located only 4 nucleo­
tides beyond the C-terminal end of gene VI, functions as the initiation 
codon for the synthesis of gene I protein. Its position at only 23 trip­
lets upstream of the mutated amber codon is also in accordance with pre­
vious marker-rescue results which demonstrated that the aml-H7 mutation 
must be located very near the N-terminal end of gene I (van den Hondel 
et al, 1976). 
The coding region of gene I terminates at the TAA codon at position 
4240. The deduced length of this gene, the sequence of which is present­
ed in Fig 1, is 1047 base pairs. Its encoded protein has a molecular 
weight of 39,500 which corresponds with the value estimated for the in 
vitro synthesized gene I-product. 
Gene IV 
The position of the termination codon of gene I at number 4240 is 
quite striking since it implies that gene I extends into the sequence 
coding for the N-terminal part of its adjacent gene, gene IV. Ravetch 
et al (1977a) have sequenced ribosome-protected RNA fragments from phage 
fl RF-directed RNA transcripts. The sequence of the ribosome binding 
site of gene IV as determined by these investigators corresponds exact­
ly with the DNA sequence at position 4204-4227 (Fig 1). Therefore, the 
N-terminal part of gene IV is well defined. 
From these combined data we conclude that the C-terminal end of gene 
I overlaps with the first 23 base pairs of the N-terminal end of gene 
IV. The reading frame of gene IV has also been confirmed by our analysis 
of the fl gene IV amber mutant R143 (data not shown). The latter muta­
tion was found at the CAG codon at position 5264. Gene IV extends from 
position 4220-5500. The calculated molecular weight 45,791 of the gene 
66 
IV-protein, as based on DNA sequence, corresponds to the size of the 
product synthesized in vitro (Konings et al, 1975). 
Gene II 
The nucleotide sequence of gene II ranges from position 6006 till 
831. This is predicted from our sequence analysis of two amber mutants 
of gene II, M13am2-H2 and flR124. In the M13 mutant а О Т transition 
was found at position 214 which changes the glutamine codon CAG into an 
amber codon (Fig 5). 
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The f 1 mutant is characterized by a G->-T transversion at position 6348 which 
changes the glutamic acid codon GAG into an amber codon (data not shown). 
Our results do not discriminate between a starting position of gene 
II at either one of the two ATG triplets beginning at positions 6006 
and 6015. The former is more likely since it is preceded by a sequence 
which is characteristic for a ribosome binding site. Very recently, 
Meyer et al (1980) have determined the N-terminal amino acid sequence 
of gene II-protein. Their results indicate that both initiation codons 
are used for protein synthesis, but that the vast majority of the gene 
II-protein molecules initiate at the first codon at nucleotide number 
6006. Gene II then codes predominantly for a protein of 410 amino acids 
long. The calculated molecular weight of 46,117 is in good agreement 
with the estimated size of the in v i t r o synthesized gene II-protein 
(Konings et al, 1975). 
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Gene Χ 
Several groups have demonstrated that DNA fragments containing the 
C-terminal part of gene II, for example fragment Hapll-C, are capable 
of directing the synthesis of a protein of about 12,000 daltons in a 
DNA-programmed cell-free system (Konings et al, 1975; Model and Zinder, 
1974). This suggests the presence on this fragment of a gene, designat­
ed gene X, equipped with a promoter and a ribosome binding site. As the 
synthesis of this protein has only been demonstrated in vitro and con­
ditionally lethal X-mutants distinguishable from late gene II-mutants 
have not yet been found, the existence of a separate though overlapping 
gene X is still not proven. The start of 'gene X' is most likely the 
ATG triplet at position 496 as this is preceded by a potential ribosome 
binding site. From this ATG codon till the end of gene II is the only 
sequence which upon reading gives rise to a protein the size of which 
corresponds to the in vitro synthesized gene X-product (111 amino acids; 
calculated molecular weight 12,670). 
That X-protein is synthesized upon the same reading frame as gene II-
protein is further substantiated by the observations of Model and McGill 
(e/ Horiuchi et al, 1978) who demonstrated that synthesis of X-protein 
in vitro is only affected by a late amber mutant (R21) in gene II. 
Gene V 
Gene V is located from position 843 till 1106. The nucleotide se­
quence of this gene fully supports the amino acid sequence estimated 
for gene V-protein (Cuypers et al, 1974) and the sequence of its pre­
ceding ribosome binding site (Pieczenick et al, 1974). Also the gene V 
amber mutants analyzed so far fit with the nucleotide sequence data. 
In fdl22 Hulsebos (1980) found а О Т transition within the CAG codon 
at position 906 whereas the M13 mutants am5-Hl, am5-H3, am5-H27 and the f 1 mu­
tants R13 and R99 all showed а О Т change at the same position, namely 
at 999. 
Gene VII 
Gene VII is located from position 1108-1209. Its reading frame has 
been established by sequencing the О Т transitions in the gene VII am­
ber mutants aml-W2 and are7-H3 (Hulsebos and Schoenmakers, 1978). These 
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changes were found at position 1114 and 1141, respectively. The protein 
encoded by gene VII has not yet been observed neither in M13 infected £'. 
coli, cells (Henry and Pratt, 1969) nor in minicells carrying M13 RF as a 
plasmid (Smits et al, 1978). Also the in vitro synthesis under the di-
rection of M13 DNA or gene VII containing DNA fragments failed to demon-
strate the products of this small gene (Model and Zinder, 1974; Konings 
et al, 1975; Edens et al, 1978a). From the nucleotide sequence data the 
conclusion is warranted that gene VII-protein is only 33 amino acids 
long. 
Gene IX 
Gene IX is located from position 1206-1304. The region covering this 
gene was previously been considered as a noncoding 'leader' sequence of 
gene VIII-mRNA (Sugimoto et al, 1977). The fact that this region can be 
read from an ATG triplet in position 1206 in a continuous reading frame 
to yield a protein of 32 amino acids long which overlaps its contiguous 
gene VIII by only a single nucleotide, led Schaller et al (1978) to pos-
tulate that this region might represent an additional M13 gene. Definite 
proof, however, was lacking as no conditionally lethal mutants are avail-
able which originate from this region of the M13 genome. 
Very recently, Simons et al (1979) have demonstrated that gene IX 
really exists and that this gene codes for an additonal small virion 
capsid protein (C-protein) of the mature phage. 
Gene VITI 
The in vitro synthesized product of gene VIII appears to be larger 
than the protein present in the mature phage particle (Konings et al, 
1975). This finding strongly suggests that the major capsid protein is 
synthesized in a precursor form. The existence of a gene Vlll-protein 
precursor was also inferred from the observation that the sequence of 
the ribosome binding site on gene VIII-mRNA did not coincide with the 
N-terminal amino acid sequence of the mature capsid protein (Pieczenick 
et al, 1974; Nakashima and Königsberg, 1974). 
The length and sequence of the precursor has been predicted from the 
nucleotide sequence of gene VIII-mRNA (Sugimoto et al, 1977) and is con-
firmed by DNA and amino acid sequence data (Hulsebos and Schoenmakers, 
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1978; Horiuchi et al, 1978). The structural gene ranges from position 
1301 till 1525 and codes for a protein precursor which contains 23 ex­
tra amino acids at its N-terminal end. 
Up to now no conditionally lethal mutants have been found which map 
in the precursor part of gene VIII. The only gene VIII amber mutant known 
so far, i.e. αττίδ-ΗΙ, shows a G W transversion within the glutamic acid 
codon GAG at oosition 1371 which is very near the Ala-Ala bond cleaved in 
the processing reaction (Boeke and Model, 1979; Boeke et al, 1980). This 
transversion is accompanied by a second mutation at position 1383, which 
leads to the replacement of proline by serine. 
The amino acid sequence of the major protein of the closely related phages 
fd and fl has been solved (Asbeck et al, 1969; Nakashima and Koningsberg, 1974; 
Bailey et al, 1977). Both proteins appeared to be identical. The predicted 
amino acid sequence of the M13 coat protein as deduced from the nucleotide se­
quence di f f ers only i η one ami no aci d wi th respect to the former protei ns. The 
twelfth amino acid residue which is aspartic acid in fd and fl coat protein is 
changed into asparagi η in theM13 protein. This amino acid substitution lead­
ing to a difference in net charge of the major coat protein, might explain the 
el ectrophoreti с mobility difference of theM13 and f 1 coat proteins and virons 
as well (Moses et al, 1980; Boeke ev al, 1980). 
mscussion 
In this study we have determined the position of the changes introduced 
in the nucleotide sequence of several conditionally lethal mutants. This 
has allowed us to predict precisely the translation start and stop sig­
nals and the amino acid sequence of each M13 gene product. According to 
these analyses 91.1% of the phage genome codes for protein products {of 
Table I). The frequencies with which different codons are used in M13 are 
shown in Table IV. 
Although the viral DNA is characterized by a rather high thymine con­
tent (34.67%), this frequent occurence of Τ is not randomly distributed 
along the phage genome. As is the case for 0X174 (Sanger et al, 1978) 
and to a lesser extent for G4 (Godson et al, 1978), there is a striking 
preference for codons which have a Τ in the third position. Overall 50.7% 
of the codons used in M13 DNA show this behaviour as compared to 43.0% in 
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Table 17 'jSh OF CODONC IN MIS 
TTT 
TTC 
TTA 
TTG 
CTT 
CTC 
СТА 
CTG 
ATT 
АТС 
ATA 
ATG 
GTT 
GTC 
GTA 
GTG 
71 
36 
64 
28 
47 
22 
8 
27 
72 
16 
21 
33 
96 
18 
29 
6 
Cev 
Pro 
Thr 
Ala 
TCT 
TCC 
TCA 
TCG 
CCT 
ccc 
CCA 
CCG 
ACT 
ACC 
АСА 
ACG 
GCT 
GCC 
GCA 
GCG 
99 
30 
33 
8 
48 
9 
14 
15 
66 
19 
11 
12 
61 
17 
29 
13 
ту 
Cchvp 
Amber 
Fis-, 
Gin 
As*i 
Lys 
Asp 
Glu 
TAT 
TAC 
TAA 
TAG 
CAT 
CAC 
CAA 
CAG 
AAT 
AAC 
AAA 
AAG 
GAT 
GAC 
GAA 
GAG 
66 
12 
6 
1 
13 
5 
35 
43 
86 
22 
72 
36 
74 
35 
37 
33 
Cys 
Opal 
Trp 
Arg 
Ser 
Arg 
Gly 
TGT 
TGC 
TGA 
TGG 
CGT 
CGC 
CGA 
CGG 
AGT 
AGC 
AGA 
AGG 
GGT 
GGC 
GGA 
GGG 
16 
8 
3 
18 
31 
16 
6 
2 
13 
13 
10 
4 
92 
52 
6 
11 
0X174 and 33.8% in G4. This preferent occurrence of Τ in the third posi­
tion of codons is valid for all M13 genes with the exception of genes VII 
and VIII. The highest value is observed in gene VI (52.2%), the lowest in 
gene VIII (26.7%). 
The reason for this high T-content of the viral DNA is unknown. It 
seems probable, however, that this effect has been brought about by natu­
ral selection and is of some advantage for the life cycle of the phage 
particle. If it is of advantage to have such a high overall Τ content, 
then in the variable third position changes could have occurred to a-
chieve this in such a way that as a result of 'wobble' base pairing the 
amino acid sequence remains unaltered. 
From the entire spectrum of codon use in M13, as shown in Table IV, 
it can be seen that some codons are used only rarely: out of a total of 
196 leucine codons only eight are CUA, out of 161 glycine codons six are 
GGA and out of 69 arginine codons two are CGG. It is probable that these 
rare codons have a modulating role in translation if their corresponding 
tRNA is also rare, as suggested by Fiers et al (1976). Some distributions, 
however, suggest otherwise. The AUA codon use in M13 is rather high des­
pite the fact that its corresponding tRNA^ e is only a minor component of 
the bulk of isoleucine tRNAs (Harada and Nishimura, 1974). 
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In bacteriophage M13 all three termination codons are used with a pref-
erence for TAA. Gene VIII is equipped with two translational stop codons 
next to each other (TGA and TAA). There are two S'-ATGA-S' overlaps of a 
termination codon and the initiation codon of the following gene (genes 
VII, IX and genes IX, VIII). Apart from the intragenic location of 'X' 
within gene II, these regions, together with the 23 nucleotide overlap 
between the genes I and IV form the only overlapping sequences in M13 DNA. 
A great deal of the codons used in bacteriophage M13 specify hydro-
phobic amino acids i.e. leucine, valine, isoleucine, phenylalanine and 
methionine (30.5%). By comparing the amino acid compositions of various 
types of proteins, Dayhoff et al (1976) have calculated an average per-
cent composition of this group of large hydrophobic amino acids. This 
percentage (23.5%) is exceeded by all M13 gene products with the excep-
tion of gene IH-protein (Table I). Especially, gene VI-protein which 
is characterized by a very high Leu (21.4 mol%) and lie (11.6 mol%) con-
tent (c/ Table II) appears to be extremely hydrophobic in nature. It is 
also striking that within this protein most leucine residues are located 
in the N-terminal part. Due to this strong hydrophobic character it is 
very probable that gene VI-protein can only be synthesized at and only 
can function in the host cell membrane. 
The M13 genes are organized along the viral DNA strand in such a way 
that genes, the actions of which are concerned with defined steps of the 
life cycle of the phage, are grouped. For instance, gene II and gene V 
are located next to each other. Their encoded proteins both play a role 
in the phage DNA replication process. Possible also gene X belongs to 
this group. Our sequencing studies have clearly demonstrated that gene X-
protein is formed as a result of an internal in phase initiation event 
within gene II. However, until now, the existence of X-protein has only 
been demonstrated by in vitro protein synthesis (Konings et al, 1975; 
Model and Zinder, 1974). From bacteria infected with gene V amber mutants of 
bacteriophage fl Webster and Rementer (1980) have recently found a phage-spe-
cific protein which comigrates with gene X-protein suggesting that the latter 
is also synthesized in vivo. However, they do not exclude the possibility 
that this protein actually represents the gene VI-product, the molecular 
weight of which is of the same order as that found for X-protein. If gene 
X-protein really is synthesized in the infected cell, then the biological 
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function of gene X might resemble that of gene A* of the icosahedral bac­
teriophage 0X174. Like X-protein, A* protein is the C-terminal part of 
the protein responsible for nicking RF DNA (Weisbeek et αΖ, 1977; Sanger 
et al, 1978). 
A second group respresents the neighbouring genes VII, IX, VIII, III 
and VI. Genes III and VIII code for the virion capsid proteins A and B, 
respectively (Pratt et ál, 1969). Recently, Simons et dl (1979, 1981b) 
have detected two new minor capsid proteins with a molecular weight of 
3500 (C-protein) and 11,500 (D-protein). Guided by the M13 nucleotide se-
quence they have demonstrated that D-protein is encoded by gene VI. They 
also found that C-protein is actually a mix of two proteins which are 
coded for by the genes VII and IX. Therefore, it can be concluded that 
this group represents genes, the proteins of which are encapsidated in 
the virion filament. 
Before packaging into filaments can occur, all capsid proteins have to 
pass across the host cell membrane. In this respect it is worth mention-
ing that Simons et al (1981b) have evidenced that the minor capsid pro-
teins encoded by the genes VII, IX and VI are not processed at their N-
terminal end and are present as primary translation products in the mature 
phage particle. On the other hand, the virion capsid proteins encoded by 
the genes III and VIII are synthesized in a precursor form (Konings et al, 
1975). 
From our nucleotide sequence studies it can be concluded that 18, 
respectively 23 amino acids have to be split off from the N-terminal end 
of these capsid proteins before packaging in the virion can occur. The N-
terminal peptides split off are of rather hydrophobic character (Table I) 
In how far these prepeptides have a similar function in conducting pro-
teins across bacterial membranes as has been evidenced for the so-called 
'signal' peptides in secreted proteins of eukariotic origin is currently 
under investigation in several research groups (Boeke et al, 1980; Ito et 
al, 1980). 
The last gene cluster consists of the genes I and IV. The function of 
their encoded products is not yet clearified but indirect evidence exists 
that they are needed for assembly of the phage article (Wickner and 
Killick, 1977). 
Of the entire M13 genome only a limited amount, i.e. 8.9% does not 
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code for proteins. This non-coding part is roughly di vi ded into two large 
regions, one of which is located between the genes VIII and III, the 
other between the genes IV and II. They comprise regulatory elements 
such as transcription termination signals, promoter sequences and ori-
gins for DNA replication. In the next chapter an account will be given 
on all regulatory elements present on the M13 genome. 
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CHAPTER IV 
NUCLEOTIDE SEQUENCE OF M13 DNA: REGULATORY ELEMENTS 
AND COMPARISON Wi'lH PHAGE fl 
INTRODUCTION 
In the infected cell the viral M13 DNA is rapidly converted into a 
double-stranded circularly closed replicative form (RF) which then acts 
as a template for viral gene expression and production of progeny phage 
DNA. 
In the last few years the mechanisms of these processes and their reg-
ulatory control have been studied extensively. The conversion of single-
stranded viral DNA into RF and the specific role of the host proteins and 
phage-encoded products in this replication process are now reasonably 
well understood (for review see Ray, 1977). During the course of our stud-
ies also the nucleotide sequence of the replication origin, its secondary 
structure and the replication starts and stops have been elucidated 
(Ravetch et al, 1977b; Gray et al, 1978; Suggs and Ray, 1978, Geider et 
al, 1978). 
Progress has also been made in unravel ling the transcription process ín 
vitro (Konings and Schoenmakers, 1978) and in vivo (Jacob et al, 1970; 
Rivera et al, 1978; Smits et al, 1980; Cashman et al, 1980). 
Transcription of replicative form DNA in vitro occurs in a cascade-like 
fashion as a result of initiation of RNA synthesis at many different pro-
moter sites and termination of transcription at only a single site (Edens 
et al, 1975, 1976, 1978a; Chan et al, 1975; Seeburg and Schaller, 1975; 
Okamoto et al, 1975). 
As a consequence, a set of overlapping RNA transcripts is formed which have 
their З'-terminal regions in common. In the infected E.coli cell, phage-
specific mRNA synthesis appears to follow to a large extent the in vitro 
transcription pattern, but more careful examination with the aid of RNA-
and DNA-blotting procedures has shown that the in vivo viral gene ex­
pression is more complex (Smits et al, 1980). 
Now that the complete nucleotide sequence of bacteriophage M13 DNA is 
available, and the exact positions of each M13 gene and the intergenic 
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regions have been elucidated, a search was also made for nucleotide se-
quences which have a regulatory function. 
In this chapter, the characteristics and nucleotide sequences of these 
regulatory elements, like the replication origin for viral and complemen-
tary strand synthesis, promoters, termination signals for transcription, 
and ribosome binding sites will be described and, where possible, discuss-
ed in terms of their function in regulating the processes of phage DNA 
replication and viral gene expression. Since during the course of our 
work also the nucleotide sequence of phage fd has been elucidated, a com-
parison has been made on the nucleotide level of these two closely relat-
ed filamentous phage genomes. 
REGULATORY ELEMENTS 
Origin of DNA replication 
The nucleotide sequence presented in Chapter III shows that most M13 
genes are located close to each other. Apart from the intragenic loca-
tion of 'X' within gene II, there is only a substantial overlap between 
the C-terminal part of gene I and the N-terminal part of gene IV whereas 
the overlaps between genes VII, IX and VIII are limited to a single nu-
cleotide within the translational start and stop signals of these genes. 
The largest intergenic region (length: 508 nucleotides) is located be-
tween the genes IV and II and has been subject of study in several re-
search groups as it contains the sites of initiation and termination of 
both the complementary and viral DNA strand synthesis (Tabak et al, 1974; 
Horiuchi and Zinder, 1976; van den Hondel, 1976; Suggs and Ray, 1977). 
It has been shown that initiation of complementary strand synthesis 
involves synthesis of an RNA primer by rifampycin sensitive E.aoli RNA 
polymerase (Brutlag et al, 1971; Wickener et al, 1972). Recognition of 
the replication origin by this enzyme is most probably determined by the 
high secondary structure of the origin region (Schaller et al, 1976). 
The energetically most favourable hairpin-like structures present in and 
around this origin region are presented in Fig la. 
Schaller et al (1976) have demonstrated that in the presence of E.aoli 
DNA binding protein, RNA polymerase binds to phage DNA and protects a u-
nique region from nuclease digestion. This region contains the two large 
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Fig 1 (a) Secondary s t r u c t u r e in and around the o r i g i n of r e p l i c a t i o n of 
v i r a l and complementary M13 DNA strand synthesis. Included are the 
nucleot ides which d i f f e r i n f d (Beck et al, 1978). The length of the p r i ­
mer RNA and the d i r e c t i o n of i t s synthesis i s ind icated by a s o l i d l i n e 
i n the t h i r d h a i r p i n . The arrow i n the f o u r t h h a i r p i n - l o o p denotes the 
s i t e where gene I I - p r o t e i n nicks RF-DNA. (b) Secondary s t r u c t u r e of the 
vko-independent terminator of t r a n s c r i p t i o n between genes V I I I and I I I . 
The p o s i t i o n at which mRNA synthesis terminates is ind icated by an arrow. 
(c) Secondary s t r u c t u r e of a postulated r/zo-dependent terminat ion s i t e im­
mediately d i s t a l to the gene VI-boundary. 
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hairpins at position 5624-5678 and 5691-5750 (second and third hairpin 
loop), and they are therefore considered as the target structures for 
recognition by RNA polymerase and synthesis of the initiating primer-
RNA. The nucleotide sequence of the RNA primer has been determined 
(Gender et al, 1978). The RNA initiates at nucleotide 5756, is approx-
imately 30 nucleotides long and hence complementary to one strand only 
of the third hairpin loop. 
Viral DNA strand synthesis is thought to occur by a rolling-circle 
mechanism of replication. Accordingly, initiation and termination of vi-
ral DNA synthesis would be at the nick-site in the viral strand of super-
coiled RFI. The site at which gene II-protein, which acts as a nickase 
introduces a discontinuity in the viral strand is at position 5780-5781 
(Meyer et al, 1979).This nick lies in a nucleotide sequence with a two-
fold symmetry, namely within hairpin four in Fig la. 
As a consequence of the relative locations of the two origins, SS->RF 
as well as RF->SS synthesis has to occur independently from each other. 
During the former synthesis, the last fragment to be synthesized bears 
the origin of viral strand synthesis. Consequently, synthesis of this 
strand can not be initiated until RF synthesis has been completed. Simi-
larly, complementary strand synthesis can only occur on completed single-
stranded DNA molecules. 
The role of the structural domains in the intergenic region is rather 
complex since the Haelll site at position 5725 which is located in the 
third hairpin has successfully been used for insertion of foreign DNA se-
quences (Barnes, 1979; Boeke et al, 1979; Moses et al, 1980). This sug-
gests that contiguity of this part of the intergenic region is not essen-
tial for plaque formation. Nevertheless, introduction of extra nucleo-
tides at this position has been shown to be of influence on phage DNA re-
plication. Insertion of 4 base pairs reduces the amount of intracellular 
phage-specific DNA to about 60% of the wild-type, whereas this value is 
reduced to 10% when 839 base pairs are inserted indicating that specific 
nucleotide sequences may be important for normal synthesis of the comple-
mentary strand (Moses et al, 1980). 
Between the last hairpin and the starting position of gene II, a second 
Haelll site (position 5867) is located which has been used for the con-
struction of the M13 cloning vectors, mp2 and mp7 (Gronenborg and Messing, 
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1978; Messing et al, 1981). 
As these helper-independent phages, carry a 789, respectively 831 nu-
cleotide-long DNA insert at this site, one is left with the conclusion 
that also this part of the sequence is divisable. These findings suggest 
that the M13 DNA fragment ЯаеІІІ-G, positioned in between the two tfaelll 
sites at nucleotide number 5725 and 5867, suffices as an origin for ini­
tiation of both strands and that neighbouring M13 sequences are not per 
se necessary for replication. In fact, Cleary and Ray (1980) have pre­
sented evidence that the latter fragment can confer M13 dependent rep­
lication on chimeric plasmid DNA in a host non-permissive for the plasmid 
replicón. On the other hand, they also found that extension of the M13 
Haelll-Q fragment towards the gene II site has a stimulatory effect on 
the establishment of replication by ori-M13 plasmids. Therefore, the re-
gion between the fourth hairpin in Fig la and the start codon of gene II 
(total length 210 nucleotides) might also be implicated as a possible com-
ponent of the replication origin. 
The first large hairpin in Fig la is located immediately distal to 
gene IV at position 5499 till 5576. Insertion of DNA fragments of various 
sizes at the positions 5563-5564 and 5571-5572 does not destroy the capabil-
ity of phage replication (Herrmann et al, 1978a, 1980; Ray and Kook, 1978; 
Kaguni and Ray, 1979; Mines and Ray, 1980; Schoenmakers, unpublished data). 
At present no definite function can be assigned to this GC rich hairpin. 
Studies on the orientation of the viral DNA within the intact fd virion 
have indicated that it is specifically orientated and that the DNA hairpin 
rich region shown in Fig 1 is located at one end of the virion (Shen et al, 1979). 
Evidence has also been presented that the minor capsid pro-
teins encoded by gene III (Α-protein) and gene VI (D-protein) are located 
at one tip of the filament (Simons et al, 1981b; Grant et al, 1981). It 
is not yet clear at which end of the phage particle these minor capsid 
proteins are packaged. As one of the functions which have been attributed 
to A protein is to 'pilot' the phage DNA through the lipid bilayer of the 
host cell membrane and to direct the DNA to the replication machinery of 
the host (Denhardt, 1975; Ray, 1977), it is very likely that these minor 
capsid proteins are located at the hairpin rich region in the direct 
neighbourhood of the replication origin. This implies that during phage 
assembly the intergenic region also serves as a specific packaging domain 
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for A- and D-protein. The very large GC rich hairpin at the gene IV boun-
dery might be a candidate for such a function. It is interesting to note 
that precisely opposite to this structure, also a GC rich sequence can be 
found arrayed in repeated clusters (position 2284-2391). If an assembly 
function can be attributed to the first hairpin in Fig la, this would im-
ply that the wild-type M13 DNA is packaged in the phage particle in such 
a way as that GC rich regions are positioned at both ends of the filament. 
Several groups have demonstrated that the intergenic region is transcrib-
ed in vitro in a way that it forms an integral part of the transcripts 
which originate from M13 promoters upstream this region. Whether this re-
gion is also transcribed in the infected cell is not yet completely clear, 
but if this region is transcribed, several AUG and GUG codons can be 
found in the RNA nucleotide sequence. All but one of these codons are 
located in the stem of a hairpin and it is unlikely that these codons 
are involved in initiating protein synthesis (Steitz et al, 1977; 
Iserentant and Fiers, 1980). The only codon which is not expected to 
base pair in mRNA molecules is the ATG codons at position 5884. However, 
protein synthesis from this position would only result in synthesis of a 
dipeptide. 
Furthermore, in this intergenic region, the nucleotide changes observ-
ed between M13 and fd, as will be shown in the last section are more or 
less at random and not phase dependent to an extent as has been noted in 
the coding regions. If translated, these differences will very probably 
be reflected in the primary structure of the polypeptides synthesized. 
For these reasons, we conclude that no proteins are coded for by the in-
tergenic region between the genes IV and II. 
Central terminator 
A second large intergenic region is located between the genes VIII and 
III and extends 59 nucleotides. Numerous in vitro transcription and coup-
led transcription-translation studies have shown that initiation of trans-
cription occurs at several specific sites along the circular M13 genome. 
In the absence of termination factor rho, all these transcripts terminate 
at a unique site, the so-called central terminator, which is located with-
in this intergenic region (Edens et al, 1975; Konings and Schoenmakers, 
1978). 
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Sequence analyses have shown that the transcripts terminate in a stretch 
of eight U residues preceded by a tight hairpin-like structure very near 
the 3'-0H end (Sugimotoet al, 1977, cf Fig lb). The nucleotide sequence 
which corresponds to this terminator is located immediately distal to 
gene VIII at position 1538-1564. 
The central terminator shares several features with DNA sequences of 
a number of sites which have been characterized as transcription termi-
nation signals. That is, a GC-rich region upstream from the termination 
point is followed by an AT-rich region and RNA transcribed from such sig-
nals has the intrinsic property to form a tight, hairpin-like, structure 
(Rosenberg and Court, 1979; Farnham and Piatt, 1981). 
It is worth mentioning that overlapping with the central termination 
region a promoter site is located. Sugimoto et al, 1977 {af Schal 1er et 
al, 1978) have found that RNA initiation is promoted within the dyad sym-
metry region of the terminator. This promoter initiates RNA coding for 
gene III. An overlapping terminator-promoter signal is also thought to 
exist in 0X174 DNA (Sanger et al, 1977b). 
Promoters 
M13 has nine promoters. Initially, a number of promoter sites were 
identified by binding RNA polymerase to purified restriction fragments 
(Seeburg and Schaller, 1975; Okamoto et ál, 1975). By length measurements 
of RNA synthesized on various DNA fragments and subsequent coupled and un-
coupled transcription-translation, Edens et ál (1976, 1978a,b) showed that 
three mRNAs start with pppA and come from promoters preceding genes VI, 
I and IV and that one mRNA, probably starting with pppU, is derived from 
the gene Ill-promoter. In analogous experiments they demonstrated that 
five RNA transcripts start with pppG and come from promoters preceding 
genes VIII, V, 'X' and II and from an internal startpoint within gene II. 
The sequences of the 5'-end of the gene VIII and gene X messages have been 
determined and located on the M13 DNA sequence (Sugimoto et ál, 1975a, 
1977; Heyden et ál, 1975; Hul sebos and Schoenmakers, 1978). 
Their positions are shown in Table I along with the other promoter re-
gions in the M13 DNA sequence. The identification of the latter M13 pro-
moters is based on homology with fd (Schaller et ál, 1978) and with the 
common features identified in several Е.соЫ promoters (Scherer et al, 
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413 sequences containing promoter sites for E.coli RNA polynerase (Komngs and Schoenmakers, 
1978) are lined up for maximal homology in the recognition site region and the Pribnow Box 
region, consequently the distance between these two regions varies by · one basepair. 
Frequent and less frequent occurring nucleotides within the "ideal" sequence of promoter sites, 
as shown at the top o' tne table, are denoted by camtal anc small letters respectively 
(Sieaenlist, 1Э79). Nucleotides which are identical to this "ideal" sequence are uncerlined. 
3ases which differ with fa are denoted by asterisks. A second region of homology can be 
found for oromoter G, 17 nucleotides more upstream. 
1978; Siebenlist, 1979; Siebenlist et al, 1980). 
These common features are: г. a sequence similar to TATAATPu centered 
about 10 nucleotides from the mRNA initiation point; гг. a sequence simi­
lar to TGTTGACAATT centered about 35 nucleotides from the mRNA starting 
point and ггг. a distance between these two regions of 14±1 base pairs 
(Siebenlist βτ al, 1980). 
The presence of these characteristic sequences at positions where the 
5'-ends of the individual M13 transcripts already have been mapped sup­
ports the identification of the M13 promoters. It should be noted that 
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no promoter sequence homology is found in front of gene VII and that the 
gene VIII messages are formed from an initiation point preceding gene IX. 
All the M13 promoter sequences given in Table I have been deduced from 
in vitro studies and, until recently, any evidence was lacking as to 
whether these in vitro promoters function as such in the infected cell. 
However, studies by Rivera et al (1978) have now demonstrated that the 
5'-end of the gene VIII message in vivo starts at exactly the same pro-
moter position as its in vitro counterpart. Moreover, recent investiga-
tions on the distribution and lengths of M13 phage messages in the in-
fected cell (Smits et al, 1980) and our cloning experiments with various 
M13 promoters inserted into the promoter-deficient pBR322-derived plasmid 
pBRH2 have demonstrated that the given promoters preceding genes II, X, V, 
VIII and IV are operative in vivo (Chapter V). 
The same argument holds for the transcriptional termination site(s). 
Rivera et al (1978) and Smits et al (1980) have clearly shown that termi-
nation of in vivo transcription occurs immediately distal to gene VIII, 
at exactly the same sequence position as found for the in vitro RNA 
transcripts. It is also clear that in the infected cell termination of 
transcription is not limited to this site. Evidence is accumulating that 
termination also occurs distal to gene IV and distal to gene III or gene 
VI (Smits et al, 1980). The precise location of these signals has not yet 
been determined. A good candidate for the latter signal would be the re-
gion containing the self-complementary sequence from position 3319-3341 
(c/ Fig 1c). 
That this structure really exists is strongly suggested by our obser-
vation that upon sequencing of this region with the 'plus and minus' meth-
od both, the T4- and E.ooli polymerase pause at this region. Huang and 
Hearst (1980) have observed similar kinetic pause sites in primed DNA syn-
thesis on fd DNA. All sites were found at positions which are character-
ized by a sei f-complementary sequence. One of the most pronounced pause 
sites has been mapped by these authors immediately distal to gene VI at a 
position where the hairpin structure in Fig 1c is located. 
Ribosome binding sites 
Table II shows the sequences preceding the initiation codons of the 
M13 genes. They all show complementarity to the 3'-0H terminal sequence 
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of 16S ribosomal RNA which is supposed to be characteristic for ribosome 
binding sites (Shine and Dalgarno, 1974). The ribosome binding sites of 
genes VIII, V and IV, as isolated from in vitro transcripts of phage fl, 
have previously been confirmed by RNA sequencing (Pieczenick et al, 1974; 
Ravetch et al, 1977a). 
All M13 genes use as initiation codon ATG with the exception of gene 
III which initiates at a GTG codon. Furthermore, it is obvious that gene 
VII has the lowest potential of Shine-Dalgarno base pairing among all 
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filamentous phage genes. Taniguchi and Weissmann (1978) demonstrated 
that interaction of the ribosome binding site with fMet-tRNA plays an 
essential role in the formation of 70S initiation complexes. Ribosome 
binding was substantially enhanced in case the first base following the 
ATG initiation codon was mutated from G to A. 
From Table II it can be seen that all M13 genes have an A following 
the initiation codon with the exception of genes VII, VI and I. Protein 
synthesis under the direction of the latter three genes is extremely 
low both in vivo and in vitro (Model and Zinder, 1974; Konings et al, 
1975; Smits et al, 1978). 
Non-coding regions 
The non-coding part of M13 DNA amounts 573 nucleotides which is about 
8.9% of the genome. The two largest intergenic regions containing either 
the origin of DNA replication or the central transcription termination 
signal, have already been discussed in previous sections. The remainder 
of M13 non-coding regions are extremely short. The appearance of such 
short silent regions of either one or two nucleotides between the trans-
lational start and stop signals of M13 cistrons is rather intruiging 
since they appear to occur between genes which by genetic criteria form 
an operon, i.e. between genes V and VII and within the gene cluster III, 
VI and I. 
We do not know the possible function of these small silent regions, 
but it remains possible that upon reading of a message the 30S ribosomal 
subunit which has just completed termination at the termination site of 
a short intergenic region is not released per se but instead in its at-
tached form is capable of initiating translation at the adjacent start 
codon with a new 50S particle. This, in turn, suggests that translation-
al starts at very short intergenic regions are determined by the trans-
lation frequency of its proximal gene. Although direct proof for this 
assumption is still lacking, it seems more than a coincidence that the 
start signal of gene IX overlaps with the termination signal of its prox-
imal gene VII as there exists solid evidence now that the recently dis-
covered gene IX forms also part of the genes V-VII operon (Simons et al, 
1981a). 
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COMPARISON OF THE MIS AND fd DNA SEQUENCE 
During the course of our work the complete nucleotide sequence of fd-DNA 
has been reported (Beck et al, 1978). The overall M13 DNA sequence ap-
pears to be only one nucleotide shorter than the fd sequence. This de-
letion is located within a non-coding region of M13 DNA, i.e. in the 
region between genes VI and I (position 3194-3195). 
Between M13 and fd a total of 3.0% of the nucleotides have been inter-
changed. Their positions have been marked with an asterisk in the final 
M13 sequence (Fig 1, Chapter III). Only 12 of these substitutions result 
in a change of the corresponding amino acid sequence (6.25%). Most of 
the interchanges, however, appear to be third-base changes of codons in 
such a way that the amino acid sequence remains unaltered. In three cas-
es (position 2676, 4660 and 5225) a third-base change is accompanied by 
a first-base change in such a way that the codon soecificity remains the 
same. Of the 192 base changes observed 118 appear to be transitions 
(A^G, 36; O + T , 82) and 74 are transversions (G<-»-T, 13; A+-+T, 36; 0->-G, 
7; A-s->-C, 18). There are 131 interchanges that are of the nature X-<->T. 
Interchanges appear most frequently within serine, glycine and leucine 
codons, are low within arginine, histidine, glutamine and tyrosine, where-
as the codons for tryptophane, methionine and cysteine remain unchanged. 
As shown in Fig 1 of Chapter III, the frequency of base substitutions 
is different amont the filamentous phage genes. Genes VII, IX and VIII 
are rather conservative. The former two show no base changes at all, 
whereas in gene VIII only two base changes occur, of which one leads to 
an Asp+Asn interchange in the major coat protein of M13 as compared to 
fd (and fl). The highest frequency of base substitutions is noted in gene IV. 
Base changes are also either very limited or completely absent within 
the control sequences of both phages. The nucleotide sequence of the cen-
tral terminator of transcription located immediately distal to gene VIII 
and the sequences of all ribosomes binding sites in M13 and fd are com-
pletely identical (except for the one base deletion at position 3194-
3195). Furthermore, the majority of promoter sequences of both phages 
are identical. The few base changes noted in the promoter regions {af 
Table I) are all located outside the sequences which are considered as 
the targets for RNA polymerase recognition and binding. As far as the 
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replication origins are concerned it is striking to note that the se-
quences of the three major loops in M13 and fd are exactly identical. 
The only difference is C->A substitution at position 5646 which is in 
that part of the loop that is not involved in base-pairing. The other 
nucleotide changes all occur in sequences located in between the loop 
structures. 
Very recently, the complete nucleotide sequence of ohage fl has been 
determined (Hill and Petersen, personal communication). In comparing the 
sequences of the three filamentous phage DNA molecules, it appears that 
M13 and fl are more closely related to each other than M13 and fd (num-
ber of base substitutions 53 and 192, respectively). Also, the length 
of M13 and fi DNA is exactly identical. The overall picture emerges that 
M13, fd and fl have their regulatory elements as well as the sizes of 
their encoded products conserved, which is in agreement with the well-
known homology between this class of phages. Diversification of the fil-
amentous phage genomes is expected to occur only at the level of their 
synthesized products. 
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CHAPTER V 
FUNCTION OF M13 PROMOTERS IN A PROMOTER-PROBE PLASMID 
INTRODUCTION 
After infection of an Esaheriahia coli cell with phage M13, not all vi­
rus-encoded proteins are synthesized in equimolar amounts. The products 
of gene V (helix-destabilizing protein) and gene VIII (major capsid pro­
tein) are synthesized in much larger quantities (Henry and Pratt, 1969; 
Lica and Ray, 1976; Smits et al, 1978). These two proteins are also the 
major products synthesized upon coupled transcription-translation of re­
plicative form DNA in vitro (Model and Zinder, 1974; Konings et dl, 1973, 
1975). How this differential mode of gene expression is accomplished in 
the infected cell is not completely understood and is currently under 
investigation in several research groups. Based upon previous in vitro 
transcription results it has become clear that one of the main mecha­
nisms which might be responsible for this diversity in gene expression, 
is the so-called cascade mechanism of transcription of the filamentous 
phage DNA genome. According to this mechanism transcription starts at 
nine promoters, but all transcripts terminate at one site of the M13 ge­
nome (for a review see Konings and Schoenmakers, 1978). This Wzo-indepen-
dent termination signal, the so-called central terminator, is located 
immediately after gene VIII (Edens et al, 1975). As a consequence of 
this mode of transcription, genes located in front of the central termi­
nator are transcribed more frequently than those at greater distances 
(Fig 1). It also gives a fair explanation for the observation that the 
products of genes V and VIII are most abundantly synthesized in vivo 
and in vitro. 
The nine positions where RNA synthesis is initiated in vitro are in­
dicated in Fig 1. Five of these sites, namely at map positions 0.18, 
0.12, 0.06, 0.99 and 0.92, have been shown to initiate the synthesis of 
RNA species commencing with pppG (G-promoters), whereas the sites at 
map positions 0.64, 0.49 and 0.44 initiate synthesis of species that 
commence with pppA (Α-promoters; Edens et al, 1976). The starting nu-
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Fig 1 Circular genetic map of bacteriophage M13. Genes are indicated by 
Roman numerals. 'X' refers to the C-terminal part of gene II which 
forms an in phase overlapping gene. The direction of transcription is 
counterclockwise around the genetic map. The bars refer to promoters lo-
cated on the M13 genome with the aid of in vitro transcription studies. 
The position of the rho- independent trans cripti on-termi nat i on signal is as 
indicated. IG refers to the intergenic region between the genes IV and II in 
which the replication origins for both the viral and complementary strands are 
located. The arrow indicates the single site at which RF is cleaved with 
Hindll. This site serves as a reference point on the physical map. 
cleotide of the RNA initiating at map position 0.25 has not been deter-
mined unambiguously, but is most probably pppU (of Schaller et al, 
1978). In all regions where these initiation sites are located, DNA se-
quences can be found homologous to common E.ooli promoter sequences 
(van Wezenbeek et al, 1980; Chapter IV, this thesis). 
To see whether the latter RNA initiation sites are real promoters 
which also function as such in· the E.aoli cell or whether some of them 
have to be considered as aberrant sites which only initiate RNA syn-
thesis under in vitro conditions, we have undertaken to study these re-
gions under strictly in vivo conditions. In particular, we were inter-
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ested in the in vitro promoters A Q , ^ and A 0, 49 which are located in 
front of the genes VI and I, respectively. The latter genes together 
with gene III are thought to form an operon which can only be trans­
cribed via a polycistronic mRNA (Pratt et al, 1967). The findings of 
Edens et al (1976, 1978b) that well-defined sites are located in front 
of genes VI and I where RNA synthesis preferentially starts in vitro 
and which have been considered as promoter sites are in conflict with 
the operon model suggested for genes III, VI and I. 
For obvious reasons we have studied also the other M13 in vitro pro­
moters in more detail with regard to their relative strength. If virus 
production demands that one protein is more needed than the other, the 
viral genome will accomplish this by positioning a strong promoter in 
front of that gene together with an efficient ribosome binding site to 
translate the cistron. Thus, knowledge of the strength of the individu­
al M13 promoters is essential for a better understanding of the regula­
tion of viral gene expression. 
To address this question, we have cloned all concerning M13 DNA re­
gions in the promoter-probe plasmid pBRH2. The results of this study 
are presented in this chapter. 
MATERIALS AND METHODS 
Materials 
Sources of restriction endonucleases and other enzymes applied in 
this study have been described in Chapter II. T4 DNA ligase was prepar­
ed from an induced lysogen of Xl^lig phage NM989 (Wilson and Murray, 
1979; Murray et al, 1979) and further isolated with minor modifications 
according to the method of Panet et al (1973). The lysogen was provided 
to us by Dr Α. de Waard, Leiden. Plasmid pBRH2 was obtained from Dr H. 
Heyneker, San Francisco. Linker molecules (S'-GGAATTCC-S') were purchas­
ed from Collaborative Research, Waltham. 
Isolation of DNA 
Plasmid DNA was isolated essentially as described by Clewell (1972). 
The plasmid DNA finally obtained was extracted twice with an equal vol­
ume of phenol and then precipitated with ethanol. Rapid screening of re-
91 
combinant plasmid was carried out on 10 ml cell cultures and was per­
formed according to the method described by Klein et al (1980). M13 RF 
DNA was isolated from infected cells as described by van den Hondel et 
al (1975b). 
Preparation of MIZ DNA restriction fragments 
M13 RF DNA was digested with the appropriate endonuclease according 
to the instructions of the enzyme manufacturers. The digests were frac­
tionated on 5% Polyacrylamide gels containing TBE buffer (50 mM Tris-
borate, 1 mM EDTA, pH 8.3). Gel segments containing DNA fragments were 
excised and the DNA was electrophoretically eluted with the aid of an 
Iseo Sample Concentrator. The buffer used was 2 χ TBE in the electrode 
compartments and 0.2 χ TBE in the inner compartments. The DNA was con­
centrated by ethanol precipitation. 
Construction of recombinant DNA molecules 
To create blunt-ended M13 DNA fragments 2 pmoles of fragments were in­
cubated in a 20 yl reaction mixture containing 25 mM Tris-HCl, 10 mM 
МдСІг, 10 mM DTT, 0.15 mM dNTP, pH 7.6 and an appropriate amount of T4 
DNA polymerase (±0.5 units). Incubation was at 15° during 20 min. There­
after, T4 DNA polymerase was inactivated by heating the reaction mixture 
at 65° for 5 min. Chemically synthesized DNA octamers containing an 
ffcoRI endonuclease cleavage site (150 pmoles) were phosphorylated at 
their5'-ends with 5 units of T4 polynucleotide kinase during 45 min at 
37° (20 μΐ of a mixture containing 25 mM Tris-HCl, 10 mM MgCl2, 10 mM 
DTT and 0.1 mM (γ-32Ρ)-ΑΤΡ, specific activity 50 Ci/mmol, pH 7.6) and 
were added to the blunt-ended M13 DNA fragment solution. The reaction mix­
ture was adjusted to 1 mM ATP and 2-3 μΐ of T4 DNA ligase were added 
(the optimal amount of enzyme needed to ligate blunt ended fragments was 
tested on a small scale with 32P-labelled (linker fragments). Blunt-end 
ligation was performed at 15° during 3 h followed by o/n incubation 
at 4 . The mixture was then subjected to electrophoresis on a 5% Poly­
acrylamide gel prepared in TBE buffer. M13 DNA fragments containing 
EcoKi linker molecules were electrophoretically eluted from the excised 
gel segments. 
Generation of cohesive ends was performed in a reaction volume of 10 
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vi by digestion with 20 units of EaoRl endonuclease during 30 min at 37° 
(the reaction mixture contained 100 mM Tris-HCl, 10 mM МдСІг. 10 mM DTT 
and 50 mM NaCl, pH 7.6). Endonuclease was then inactivated by heating 
for 10 min at 65°. Subsequent ligation to 0.2 ug of linearized pBRH2 
(by digestion with EcoRl) was carried out in a reaction mixture (total 
volume 40 yl) adjusted to 25 mM Tris-HCl, 10 mM МдСІг, 10 mM DTT, 12.5 
mM NaCl and 0.25 mM ATP, pH 7.6. The amount of T4 DNA ligase added was 
10 times less than in the blunt end ligation reaction. Ligation was per­
formed during 3 h at 15°. The mixture was used directly for transfor­
mation. 
Transformation 
E.aoli strain JA221 (C60o hsâM hsdR trpàS leu reek) which was provid-
ed to us by Dr P. Pouwels, Rijswijk, was used for the preparation of 
competent cells. The preparation of such cells and the subsequent trans-
formation procedure was essentially as described by Kushner (1978). 
Routinely, half of the li gated DNA mixture (20 gl) was added to 4 χ 10θ 
cells (100 ul). After a heat shock for 30 seconds at 45°, 5 ml of Luria 
Broth was added and cells were hold for 60 min at 37° without shaking. 
Transformed cells were then concentrated by centri fugati on and spread 
on five nutrient plates (Luria Broth) supplemented with ampicillin at 
a concentration of 20 уд/ml and tetracycline at a concentration of 4 
ug/ml. 
Hybridization to MIS DNA 
Recombinant pi asmid DNA obtained from mini screen isolates was dena­
tured by heating during 5 min at 100°, rapidly cooled and spotted on 
nitrocellulose filters (each spot containing l/50th of the amount of DNA 
isolated from a particular 10 ml culture). Filters were dried and baked 
in vacuo at 80° for 2 h. Prehybridization and hybridization of filters 
was in Denhardt solution as described by Humphries et al (1978) except 
that,in addition, 50 yg/ml of salmon sperm DNA was added. Hybridization 
reactions were performed in a 1 ml volume with 32P-labelled (nick trans­
lated) M13 RF DNA (specific activity >106 cpm/yg DNA. Filters were wash­
ed in two changes of 2xSSC, 0.5% SDS, followed by washing in O.SxSSC 
(each wash at 60° for 1 h). Filters were then dried at room temperature 
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and subjected to autoradiography. 
Alternatively, purified 3 2P-labened recombinant plasmid DNA was hy­
bridized to denatured M13 RF-digests which were blotted to diazobenzyl-
oxymethyl-cellulose. DBM-cellulose was prepared according to Alwine et 
al (1977) as modified by Smits et al, 1980. Coupling of M13 DNA frag­
ments was essentially as described by Noyes and Stark (1975). Hybridi­
zation was performed in small sealed plastic bags according to Alwine et 
al (1977). 
Detemdnat-Lon of tetvaeyaline resistance level 
To determine tetracycline resistance levels, cells were grown in L-
Broth (1% Bacto Tryptone, 0.5% Bacto Yeast Extract, \% NaCl, 0.1% glu­
cose, pH 7.2) at 37 . Prewarmed L-B was inoculated with exponentially 
growing cells (0.5") and after 30 min divided into 20 ml aliquots towhich 
tetracycline-HCl (fresh stock solution) in varying amounts was added. 
Cell growth in each culture was monitored spectrophotometrically ( A 6 5 0 ) . 
Tetracycline concentrations which inhibited the growth rate of exponent­
ially growing cells by 50% were taken as the level of resistance (yso)· 
Protein synthesis in minioells 
Plasmid-carrying deratives of the mi ni cell-producing E.ooli strain 
DS410 (Dougan and Sherratt, 1977) were constructed by transformation 
with purified supercoiled plasmid DNA according to the method of Kushner 
(1978). Each strain harbouring a plasmid, was grown at 37° in brain 
heart infusion-medium in the presence of ampicillin (20 yg/ml) and 
tetracycline (4 yg/ml). Minicells were purified by banding on two suc­
cessive 5 to 20% linear sucrose gradients as described by Dougan and 
Sherratt (1977). The preparations contained less than one viable cell 
per 5.105 minicells. 
Purified minicells were suspended in labelling medium (Smits et al, 
1978) to an adsorbance of 0.5 at 620 nm and preincubated for 30 min at 
37°. Then 50 yCi 35S-methionine (specific activity 800 Ci/mmol) per ml 
of incubation mixture was added and the incubation was continued for 
another 30 min at 37°. After labelling, the minicells (250 μΐ) were pel­
leted and resuspended in 50 yl of cracking buffer (Simons et al, 1979). 
The samples were heated in a boiling water bath for 5 min, chilled and 
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10 μ! aliquots were analyzed by electrophoresis on 15% SDS Polyacryl­
amide gels containing8M urea. Gels were dried in vacuo and fluorograph-
ed as described by Bonner and Laskey (1974). 
RESVLTS 
Molecular cloning of MIS ONA fragments 
By in vitro transcription studies with M13 RF and M13 DNA restriction 
fragments it has been demonstrated that all genes with the exception of 
genes VII and VIII are preceded by well-defined sites were RNA synthesis 
preferentially starts and which have been considered as promoter sites 
(Edens et al, 1976,, 1978b). DNA sequences, characteristic for £". coli 
promoters can be traced in these regions (Chapter IV, this thesis). 
M13 DNA fragments bearing these regions were isolated and inserted into 
the promoter-probe plasmid pBRH2. This plasmid is almost identical to 
pBR322. It contains, in addition to the ampicillin resistance (Apr) gene, 
the entire tetracycline resistance (Tcr) gene including its ribosome 
binding site, but it lacks a promoter immediately in front of the latter 
gene (Rodriguez et al, 1979). As a consequence, expression of the Tc r 
gene is extremely low in pBRH2, but is expected to increase in case frag­
ments are inserted in front of the Tc r gene which encompass a foreign 
promoter. Therefore, the presence of a promoter site can be deduced from 
the raised tetracycline resistance level of the transformed cell. 
Insertion of DNA fragments immediately in front of the Тс·" gene could 
be achieved by ligation of fragments into the unique ffcoRI site of pBRH2. 
Therefore, it was necessary to provide M13 DNA fragments with sticky 
ends characteristic for EcoRI digested DNA fragments. For this purpose 
blunt end ligation was performed with chemically synthesized linker mole­
cules. The linkers consist of the self-complementary DNA sequence 
S'-GGAATTCC-S' containing the recognition site for EcoRI endonuclease. 
If necessary, blunt-ended M13 DNA fragments were created by filling up 
the S'-protruding ends with deoxynucleoside triphosphates and T4 DNA 
polymerase. Occasionally, when fragments were applied with S'-protruding 
ends, like tffcal-fragments, we made use of the S'-exonuclease activity 
of the same enzyme to digest these ends. The whole scheme followed for 
the ligation procedure is outlined in Fig 2. Ligation with ffeoRI linkers 
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Fig 2 Schematic diagram of the construction of recombinant plasmids. 
Numbers indicate separate biochemical steps between the reiso­
lation of the products. Ap r, ß-lactamase gene; Tcr, tetracycline re-
sistance gene. 
was carried out at 15° with a 75-fold molar excess of 5'-end 32P-label-
led octadeoxyribonucleotide. Each ligation reaction was tested by elec-
trophoresis of part of the reaction mixture on a 15% Polyacrylamide gel. 
In case self-ligation of linker molecules of more than 10 multimers was 
found, the remainder was loaded on a 5% Polyacrylamide gel in order to 
separate M13 DNA fragments from excess of octadeoxyribonucleotide mul-
timers. An example of such a gel is shown in Fig 3. 
The broad band at the top of the gel was excised and the DNA was recover-
ed by electrophoretic eluti on. DNA molecules with cohesive termini were 
then generated by digestion with excess EcoRI endonuclease and a small 
aliquot was subjected to electrophoresis. Autoradiographs of such sam-
ples with and without UCORI endonuclease treatment are shown in Fig. 4. 
It is clear that the heterogenous high molecular weight M13 DNA frag-
ments have been formed by ligation with several linker molecules (and by 
self-ligation) and that after EcoRI digestion a single band can be re-
cognized representing the M13 DNA fragments carrying ffcoRI single-
stranded cohesive termini. 
These M13 DNA fragments were then inserted into the unique ffooRI 
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Fig S (left) Blunt end ligation of ffcoRI octanucleotide linkers to M13 
DNA fragments #apI-Bl-#infI-El and ЯгиП-О. The complete ligation 
mixtures were subjected to electrophoresis on 5% Polyacrylamide gels 
and autoradiographed. The lower bands represent multimer 32P-labelled 
linker molecules , the smear at the top the (prior to ligation uni abel led) 
M13 DNA fragments. 
Fig 4 (right) Autoradiograph of M13 fragments ligated to 32P-labelled 
EcoRI linkers. Ligated DNA fragments were separated from unreact-
ed linker molecules and cohesive ends were created by digestion with 
EaoRl. Digestion was tested on а Ъ% Polyacrylamide gel. Lanes а, с and 
e: ligated fragments before EcoRl digestion. Lanes b, d and f: same 
fragments after creation of cohesive ends by digestion with EOoRI. 
site of plasmid pBRH2 under conditions suitable for ligating cohesive 
ended molecules. Ligated mixtures were used to transform F.aoli cells 
and transformants were selected on the basis of antibiotic resistance. 
Integration of a promoter-containing M13 fragment leads to activation 
of the tetracycline resistance gene, whereas the ampicillin resistance 
gene is not affected. Therefore all transformed cells containing circu­
larized molecules can be distinguished from non-transformed cells by 
growth on nutrient plates containing ampicillin (20 pg/ml). Cells con­
taining recombinant plasmids can be selected on medium containing tetra­
cycline (4 yg/ml). Under the conditions we used, normally 1-6% of the 
ampicillin resistant transformants were found to be resistant to this 
tetracycline concentration (250-1500 colonies). Most of these transfor-
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mants appeared to possess a pi asmid with the appropriate inserted M13 
sequences. 
Characterization of transformants 
From each experiment 12 recombinants were grown up in small scale 
liquid cultures and the plasmid DNA was isolated according to the meth-
od described by Klein et al (1980). Part of the DNA was analyzed by e-
lectrophoresis on vertical 1% agarose gels. Only those molecules which 
were longer than pBRH2 unit length were further characterized by diges-
tion with endonuclease Hindi. Since the EaoRl site in pBRH2 is flanked 
by two Hindi sites generating a fragment of only 1080 base pairs, the 
exact length of the increment in the recombinant plasmid can easily be 
calculated from the electrophoretically mobility shift of this Hindl-
fragment. A third part of the isolated miniscreen DNA was spotted in a 
denatured form on duplicate nitrocellulose filters and hybridized to 
32P-labelled M13 RF DNA. Recombinants which reacted positively in the 
hybridization assay and which possess an insert of the expected length 
were selected for further study. M13 DNA sequences which have success-
fully been cloned in pBRH2 are presented in Fig 5. The nomenclature and 
further details of the individual recombinant plasmids, which will be 
discussed in the next sections, are shown in Table 1. 
Alteration of the normal restriction endonuclease pattern of pBRH2 
is expected with insertion of M13 DNA sequences into the plasmid and 
the new pattern should help to establish the orientation of the cloned 
DNA. Therefore, purified DNA from these plasmids and pBRH2 were digest-
ed with restriction endonucleases and fractionated by electrophoresis 
on Polyacrylamide gels (Fig 6). 
Orientation of the inserted M13 fragment Hhal-F (nucleotide position 
2714-3040), for instance, was determined by digestion of the resulting 
plasmid pPW603 with Hinfl. The established nucleotide sequence of pBR322 
(Sutcliffe, 1979) and its derivative pBRH2 (Rodriguez et al, 1979) dic-
tates that Hinfl cleavage sites are located 998 base pairs to the left 
and 607 base pairs to the right of the EOoRI site {of Fig 5). A single 
Hinfl cleavage site is asymmetrically located on fragment Hhal-F divid-
ing it into two parts of 142 and 195 base pairs length (Chapter II). 
98 
Thal 
Нар Π 
Hindi 
НаеІІ 
Hinfl 
Hhal 
Taql 
MboII 
15S 
5615 ^ '" 
52ів —^ 
Fig 5 Schematic representation of the M13 DNA fragments inserted into 
the EaoRl site of pBRH2. The upper part represents pBRH2 sequenc­
es. The distances between the EcoRl cleavage site and the nearest cleav­
age sites of several restriction endonucleases are denoted. In the lower 
part the inserted M13 fragments are depicted. The italic numbers refer 
to their position on the M13 genome. Endonucleases which have been used 
for determining the orientation of these fragments in pBRH2 are denoted. 
The position where these enzymes cleave the M13 DNA fragments and the 
lengths of the parts which arise after digestion are indicated. 
As can be seen in Fig 6 (lane с), a 1605 base pair fragment disappears 
in the digestion pattern of the recombinant pi asmid pPW603 and two new 
bands are produced specifying molecules with a length of 1144 and 806 
base pairs. These sizes are expected if the Б'+З' polarity of the viral 
strand in the M13 DNA fragment is directed towards the tetracycline re­
sistance gene (998 base pairs pBRH2 + 4 base pairs linker DNA + 142 base 
pairs M13 DNA and 607+4+195, respectively). In a similar way, the vari-
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ous restriction sites in each M13 DNA fragment together with the known 
positions of cleavage sites in pBRH2 have been applied successfully for 
determining the orientation of almost all inserted M13 DNA fragments 
{af Fig 5, Table I). 
Pig 6 Orientation of inserted M13 
DNA fragments. Several re­
combinant DNA molecules were di­
gested with endonuclease Hinfl 
and electrophoresed on a 4% Poly­
acrylamide gel. Fragments were 
visualized by staining with a so­
lution containing 1 yg/ml ethidium 
bromide. Lane a, pBRH2; lane b, 
pPW1003; lane c, pPW603; lane d, 
pPW401; lane e, pPW301; lane f, 
pPW202. 
ί э b о d β 
Finally, to confirm that each clone contained the expected M13 DNA frag­
ment and not a fragment which originates from another part of the M13 
genome, the purified recombinant plasmid DNA was also characterized with 
respect to its ability to hybridize to blotted M13 DNA fragments. The 
hybridization patterns of several plasmids tested are shown in Fig 7. 
Plasmid pPW102, for instance, is expected to contain the M13 fragment 
Hïnfl-Ü and should therefore only hybridize to the fragments В and D in 
the Taql and the Hinfl digests of M13 DNA, respectively. As is shown in 
this Figure (lanes b and j) these are the only blotted fragments which 
indeed hybridize to plasmid pPW102. Plasmid pBRH2, on the other hand, 
did not hybridize to any of the blotted M13 DNA fragments (lanes a and i). 
In summary, each recombinant plasmid used for further studies has 
been characterized in detail, not only with respect to the length of the 
M13 DNA insert and its orientation but also with respect to the particu­
lar region of the M13 genome which was originally used for insertion in 
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the vector plasmici. 
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Fig 7 Autoradiogram of 32P-labeTled recombinant DNA plasmids hybridized 
to blotted M13 RF DNA which was digested with endonuclease Taql 
(a-h) and Hinfl (i-p). Lanes a.i: pBRH2; lanes b.j: pPW102; lanes c,k: 
pPW401; lanes d,l: pPWSOl; lanes e,m: M13 RF DNA; lanes f,n: pPW601; 
lanes g,o: pPWSOl; lanes h,p: pPW1002. 
Express-ion of tetraoyaline resistance 
Measurements of the tetracycline resistance level of each clone have 
been carried out in liquid cultures. The kinetics for cell growth has 
been followed as a function of the tetracycline concentration. During 
the logarithmic phase of growth, increasing concentrations of the anti­
biotic progressively inhibited bacterial growth as shown in Figure 8. 
Furthermore, from this figure it can be seen that the effect of tetra­
cycline on cell growth is dependent on the type of transformant. For 
example, no detectable growth inhibition up to 20 yg/ml has been ob­
served for E.aoli strain JA221 containing plasmid pPW401. On the other 
hand, cells with plasmid pBRH2 are already inhibited at concentrations 
of tetracycline less than 0.5 yg/ml. The relative growth rate of each 
culture (slope in growth curve) was plotted as a function of the 
tetracycline concentration (Fig 8, lower part). 
Assignment of a value for the measure of resistance to tetracycline 
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Table 1 PLASMID MEDIATED TETRACYCLINE RESISTANCE OF E.coli CELLS 
TRANSFORMED WITH MIS DM CONTAINING HYBRID PLASMIDS 
Plasmid _ 
pPW301 
pPW603 
pPW102 
pPW401 
pPW202 
pPW1003 
pPWSOl 
pPWSOl 
ppweoi 
pGS251 
PPW1002 
pPW602 
pPW221 
pPW222 
pPW112 
PPW442 
pPW012 
PBR322 
pBRH2 
M13 i n s e r t 
fragment 
ДаеІІІ-С-йарІІ-В2 
Hhal-F 
Hinfl-O 
Hapll-k-Hhal-Z 
ffaelll-D 
Hapll-Z-MboU-ü 
Hinfl-h-HapU-Z 
Taq\-\\-HaelU-l· 
ÄapII-Bl-Äinfl-El 
ЯаеІП-О-ЯарП-Р 
Hapll-Z-Hinfl-W\ 
HapU-V>\-Hinf\-í\ 
ЯарІІ-О-Я^аІ-В 
^аІ-В-ЯарІІ-О 
fftnfl-K-ffapII-Bl 
MboU-í 
Hapll-F-Hinfl-F 
nucleotide 
position 
1398-1926 
2714-3040 
2846-3261 
4019-4312 
5869-6181 
315- 774 
724- 968 
1128-1397 
2553-2848 
5869-5997 
315- 493 
2553-2848 
6179- 44 
47- 316 
3259-3372 
5248-5580 
5615-5769 
orien-
- ta t ion 
-»-
- > • 
->-
->-
- > • 
-> 
->-
-> 
- > • 
- > • 
->-
«-
-f-
? 
-<-
-> 
->-
M13 
promoter 
X 0 . 2 5 
^0 .1*4 
Ао.і+д 
А 0 . 6 4 
Go.92 
G o . 0 6 
Go.12 
Go. 18 
Ao.44 
G o . 9 2 
Go.06 
^O.kh 
Go.99 
-
-
-
-
vso (ug/ml t e t ) 
3.2 
3.0 
2.6 
40 
82 
26 
4.0 
50 
2.9 
7.3 
10.9 
2.7 
2.4 
3.8 
2.0 
3.2 
21.5 
50 
0.6 
All M13 DNA fragments noted were inserted into the unique EcoRl site of 
Plasmid pBRH2. The nucleotide positions of the M13 inserts refer to the 
nucleotide sequence presented in Chapter II. A rightward directed arrow 
(-•) indicates that the insert with the 5'-*3' polarity of the viral M13 
strand (which is the direction of transcription on the M13 genome) is 
orientated towards the tetracycline resistance gene. The reversed orien­
tation is indicated by a leftward directed arrow (•*-). The relative po­
sitions of the various in vitro promoters on the M13 genome are given 
in Fig 1. 
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is based on reduction of cell growth by 50" (uso)· For instance, the 
resistance levels , conferred by the Plasmids pPW301 and pPW1002 can be 
derived from Fig 8 and amount 3.2 and 10.9 yg/ml, respectively. The 
u50-values determined for the other plasmids studied are included in 
Table 1. 
OD650-
10 20 25 50 
tetracycline concentration (/jg/mL) 
Fig 8 (upper par t ) K inet ics of ce l l growth fo r plasmid mediated t e t r a -
cyc l ine res is tance. Luria Broth cul tures of E.aoli s t r a i n JA221 
conta in ing the ind icated plasmids were grown i n the presence of d i f -
fe ren t concentrations of t e t r a c y c l i n e . The i n h i b i t o r was added at t=o. 
The f i n a l concentrat ion (ug/ml) is shown at the end of each growth 
curve. 
(lower par t ) E f f i c iency of growth in response to various concen-
t ra t i onFTTTet räcyc 1 i ne. 
From th i s Table i t can be concluded tha t r e l a t i v e l y strong RNA i n i t i a -
t i o n s i tes are present on the inserted DNA fragments bearing the M13 
promoters Gop92» Gc.ie» ^o.oe and A Q ^ and that such s i tes are weak (or ab-
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sent) on the other M13 fragments used. Furthermore, it can be seen that 
all inserted sequences, irrespective the presence of a promoter detect-
ed in vitro, raise the tetracycline resistance conferred by the concern-
ing plasmid as compared with that of the original vector pBRH2. 
It appears also that plasmids which confer a high resistance level 
have only been isolated with their insert directed towards the tetra-
cycline resistance gene; low level resistance plasmids have also been 
found with an inverted orientation of the M13 sequence. 
The conclusion that the expression of the Tcr gene is substantially 
raised in cells transformed with recombinant plasmids carrying a promoter 
is not only inferred from the phenotype of the transformants, but is al-
so evidenced from our results obtained with protein synthesis studies 
in E.aoli minicells harbouring these plasmids (Fig 9). 
Fig 9 Autoradiogram of (35S)methionine 
labelled minicells containing the 
following plasmids: a, pBRH2; b, pBR322; 
c, pPW202; d, pGS251. Electrophoresis 
was on a 15% Polyacrylamide gel contain-
ingSM urea. 37K, 31Kand 7.6K represent the 
Tcr-protein, the major ß-lactamase poly-
peptide [of Backman and Boyer, 1981) and 
the fused M13-pBRH2 encoded protein (lane c) 
Synthesis of a Tcr specific protein is clearly recognized in minicells 
containing pBR322 (lane b), but is completely absent in cells harbour-
ing pBRH2 (lane a). In contrast, synthesis of this protein is enhanced 
in plasmid pPW202 which carries the strong gene Il-promoter G0_92 (lane 
c). As this plasmid in addition to the M13 gene Il-promoter also con-
tains the ribosome binding site of gene II, raised synthesis of the Tcr 
protein is accompanied with the appearance of a band which can be as-
signed to a hybrid polypeptide. Synthesis of the latter protein starts 
at an initiation codon encoded by M13 sequences and stops at a termina-
tion signal encoded by pBRH2 sequences. No such band is found for plas-
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7.6K-
a b 
mid pGS251 (lane d) which contains the same M13 promoter but no ribosome 
binding site of the proximate gene. The size of the fused polypeptide 
(about 70 amino acids) agrees completely with the hypothetical length 
as calculated from the expected nucleotide sequence. 
DISCUSSION 
It has been reported previously that promoter-probe plasmids can be used 
for the selection of promoter-containing fragments (West et al, 1979). 
In this study, we made use of the pBR322-derived plasmid pBRH2 to select 
M13 DNA fragments for promoter activity. M13 sequences were inserted in-
to the unique EeoRI site, which is located just in front of the Pribnow 
box of the Tcr gene promoter. The RNA polymerase recognition site, how-
ever, is deleted in this plasmid. 
As a result, no transcripts of this gene can be formed and it is ex-
pected that synthesis of proteins which induce tetracycline resistance 
occurs only at a very low level. Indeed, as can be seen from the results 
in Table 1, resistance to tetracycline of cells containing this plas-
mid is at least 80-fold reduced as compared to pBR322 containing cells. 
Insertion of foreign DNA into the ffcoRI site of pBRH2 can restore tetra-
cycline resistance. If promoter-carrying DNA fragments are inserted ad-
jacent to the Tcr gene and the insert is correctly orientated, activation 
of this gene is expected to occur. Fused mRNA molecules can be formed 
and as the ribosome binding site for the tetracycline resistance gene 
remains intact, translation will produce functional proteins which can 
act at the cell membrane to exclude tetracycline from the cell (Tait 
and Boyer, 1978). 
Results, however, have to be carefully interpreted since inserted 
fragments often can activate tetracycline resistance to a low level even 
when there exists no compelling reason for assuming the presence of a 
promoter on the fragment (Neve et al, 1979; An and Friesen, 1979). As a 
matter of fact, such a phenomenon has also been observed in our experi-
ments. Plasmid pPW602, containing the hypothetical gene VI-promoter in 
the reversed orientation and the plasmids pPW221, pPW222, pPW112 and 
pPW442 were all supposed to possess no promoter activity and half-max-
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i'mal growth rate was therefore expected to display the same value as 
found for pBRH2 (0.6 yg/ml). Surprisingly, \i50 values of cells con­
taining these plasmids range from 2.0-3.8 ug/ml. The reason for this 
is not yet clear. It is possible that in some way the deleted recogni­
tion site of the Tc r gene promoter is partially restored by insertion 
of new DNA sequences. 
That the latter possibility has to be considered is also reinforced 
by experiments of Okamoto et al (1977). They have found that the region 
upstream M13 fragment Hhal-H can be substituted by several other se­
quences, thereby displacing the original recognition site for the gene 
VHI-promoter. In all cases a residual promoter activity remained. 
A similar observation has been made in this study. Insertion of the same 
M13 Hhal-H fragment in pBRH2 raised the tetracycline resistance level up 
to 9.0 yg/ml. This value is lower than the value for pPW801 (50 yg/ml), 
but still higher than the level found for the 'non-promoter' plasmids 
suggesting partial restoration of a promoter between pBRH2 and M13 se­
quences. Therefore, it seems rather likely that we have to compare 
μ5ο-values with those conferred by the former non-promoter plasmids rath­
er than with the value conferred by pBRH2. 
If we do so, no pronounced promoter function can be assigned to the 
M13 sequences within plasmids pPW301, pPW603 and pPW102 (u50=3.2, 3.0and 
2.6, respectively). This has important biological implications, as in 
vitro transcription studies of M13 RF showed that the RNA initiation 
sites in front of the genes III, VI and I should be located on these 
M13 DNA sequences (Edens et al, 1978b). 
Our conclusion now is that these fragments do not show a significant 
promoter function in E.aoli cells. Absence of in vivo functional promo­
ters in front of genes VI and I agrees with genetic data which show that 
genes III, VI and I form an operon (Pratt et al, 1967). As a consequence, 
the expression of the distal genes is dependent of a promoter in front 
of the proximal gene. The absence of a gene VI-promoter is further sup­
ported by the detection in M13 infected cells of a polycistronic mRNA 
encompassing the coding information for gene III and gene VI (M. Smits, 
personal communication). The latter RNA most probably terminates in a 
region which is characterized by a high secondary structure (Chapter IV). 
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Our data also provide evidence for the absence of a gene I-promoter. 
This, in turn, implies that transcription of gene I is mediated by 
leakage through the postulated terminator at the end of gene VI, giving 
rise to a very low level of polycistronic mRNA which encompasses the 
coding information of the genes III, VI and I. 
Unexpectedly, our results with plasmid pPW301 also suggest that gene 
III is not equipped with a promoter. No explanation can yet be given 
for this unexpected results. It should be emphasized that the existence 
of a gene Ill-promoter is deduced only from in vitro transcription stud­
ies (Edens et al, 1978b). That a gene Ill-promoter should also function 
in the infected cell is based upon three arguments: first, with emphas­
is on the operon model of genes III, VI and I, functioning of a gene 
Ill-promoter is a prerequisite, second, the nucleotide sequence of the 
gene Ill-promoter region shows a fair homology with sequences common to 
E.coli promoters (see Chapter IV) and third, a 18S RNA is present in the 
infected cell encompassing the information of genes III and VI (M. Smits, 
personal communication). 
We would like to stress, however, that the gene Ill-promoter differs 
from other M13 promoters in two respects. The promoter-sequence is lo­
cated partially within the stem of the hairpin structure of the central 
termination site for transcription (see Chapter IV). Furthermore, RNA 
initiation in vitro at this promoter is achieved only in the presence 
of a large excess of RNA polymerase (Takanami, of Schaller et al, 1978). 
We assume that the gene Ill-initiation site, which is an integral part 
of the region with a high secondary structure, is only accessible to 
recognition by E.coli RNA polymerase immediately after a termination e-
vent of the RNAs initiated at the more upstream promoters has taken place 
Such an event is then capable of shifting the promoter region into a con­
figuration which now is accessible for recognition and subsequent binding 
of the RNA polymerase enzyme. In other words, cloning of the gene Ill-
promoter into pBRH2 will only lead to tetracycline resistance of the 
transformed cell if at the same time termination of transcription takes 
place at the terminator which overlaps the gene Ill-promoter boundary 
(see Chapter VI). 
With respect to the Α-promoters, Edens et al (1976) have presented 
evidence that RNA is most efficiently transcribed from promoter A 0 6ц 
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(in front of gene IV). Our data confirm this observation (pPWAOl, u 5 0= 
40 pg/ml). Thus, the in vitro detected gene IV-promoter also functions in 
vivo. However, as judged from the amount of the various RNA species pre­
sent in the infected cell (Smits et al, 1980), the high resistance level 
conferred by plasmid pPW401, which is almost as high as the value de­
termined for the gene VI11-promoter plasmid (pPWSOl; P5 0 = 50 yg/ml) is 
rather unexpected. Creation of new promoter sequences due to DNA fusion 
has to be ruled out as the nucleotide sequences of the M13-pBRH2 bounder-
ies did not reveal any homology with the common features identified in 
several E.coli promoters. We conclude therefore that initiation of RNA 
synthesis occurs within the cloned M13 DNA fragment {Hap\l-k-Hhal-Z). 
It has previously been shown that the region encompassing the genes 
II through VIII is most abundantly transcribed (Edens et al, 1978a, 
Rivera et al, 1978; Cashman and Webster, 1979; Smits et al, 1980). In 
vivo studies have indicated that 8S RNA (initiated at G 0. 1 8) is synthe­
sized in very large amounts indicating that this RNA is initiated at a 
strong promoter (Rivera et al, 1978). Our results with plasmid pPWSOl, 
which encompass this gene Vlll-promoter (μ50=50 yg/ml) are completely 
in agreement with this finding. 
Our data also indicate that promoter G 0. 0 6 (gene X-promoter) contain­
ed in pPW1003 is relatively strong. Its p50-value is lower than that 
conferred by the gene Vlll-promoter plasmid. This difference in V$Q re­
flects reasonably well the in vivo situation in that 14S RNA (initiated 
at promoter GQ.OG) is synthesized in much lower amounts than 8S RNA 
(Smits et al, 1980; Cashman and Webster, 1979). It deviates, however, 
from the observed distribution of RNA species observed in vitro where 
14S RNA is predominantly made (Edens et al, 1976). To explain this dis­
crepancy, Smits et al (1980) have hypothesized that the amount of 14S 
RNA in the infected cell is decreased as a result of RNA processing re­
actions. In view of our results, we favour the possibility that (in ad­
dition) less RNA is initiated at the gene X-promoter. 
With respect to promoter G 0 - 12 no definite conclusion on its function 
can be drawn on basis of the usQ-value. The half-maximal tetracycline 
inhibitory level conferred by plasmid pPWSOl amounts only 4 yg/ml, which 
is slightly higher than the mean value for the non-promoter hybrid Plas­
mids. In the infected cell, however, a minor RNA species, presumably 
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transcribed from this initiation point, has been detected, suggesting 
that this promoter really operates in vivo (Cashman and Webster, 1979; 
Smits et al, 1980). 
The last promoter to be discussed is the gene Il-promoter (6 0_ 92). 
Our results clearly show that this promoter can induce the highest Tcr 
level of all promoters tested, suggesting a very strong RNA initiation 
capacity. On the other hand, in comparison to 8S RNA, the RNA initiated at 
this promoter [i.e. 19S RNA) has been detected in much lower quantities 
in the infected cell. The following arguments might be given for this 
discrepancy: 
1 in the infected cell the physical half-life time for 19S RNA is low 
2 19S RNA, which-completely overlaps H S RNA, is also subjected to pro-
cessing reactions. As a consequence, the amount of 19S RNA in the in-
fected cell is not a proper reflection of the amount of RNA initiated 
at the gene Il-promoter 
3 gene V-protein influences gene Il-promoter activity. It has been sug-
gested that gene V-protein represses the synthesis of gene II-protein 
(Huriuchi et al, 1978). If such a control really exists, this can be 
brought about at the translational as well as the transcriptional lev-
el. In the latter case RNA synthesis will be reduced by gene V-protein. 
It should be noted that, in general, one has to be careful when correla-
tions between resistance levels and promoter efficiencies are being made. 
In our experiments no quantitative levels of transcription have been 
measured. In addition, expression of the tetracycline resistance gene 
can be influenced by gene dosage effects if plasmid copy numbers are not 
identical. Since, in all cases the same plasmid is used as a vector, we 
feel confident that within a certain range all our hybrid plasmids have 
the same copy number. In fact, culture samples, which were lysed and 
directly electrophoresed on agarose gels (Eckhardt, 1978) revealed a 
comparable amount of hybrid plasmids (data not shown). Thus, differences 
in resistance level conferred by these plasmids are most probably due to 
differences in the efficiency of transcription of the Tcr gene. 
One interesting feature has still to be mentioned. In all M13 promo-
ter-containing plasmids described above, promoters have been inserted 
together with the ribosome binding site of the proximate M13 gene. Sur-
prisingly, we observed that tetracycline resistance levels were reduced 
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when the M13 promoter was inserted without the ribosome binding site. 
This is quite striking for plasmids containing the promoters G 0 i92 and 
GQ.об (Table 1, compare pPW202 and pPW1003 with pGS251 and pPW1002, 
respectively). Also promoter A g ^ (in front of gene VI) is integrated 
with and without the ribosome binding site for gene VI. No difference 
has been found, however, between the resulting plasmids (pPW603 and 
pPWeol) which is obvious as no promoter function in vivo is present in 
front of this gene. 
As the most plausible explanation for our observation that insertion 
of a promoter without its proximate ribosome binding site leads to a re­
duced y50-value, we adduce the argument that upon translation of the 
message RNA-degradation is prevented by protection with ribosomes. Hy­
brid RNA molecules from cells containing plasmids with only an inserted M13 
promoter without its ribosome binding site may be less stable at their 5'-end 
resulting in a decreased level of tetracycline resistance. One can also argue 
that translation of the tetracycl ine resistance gene is determined by the 
transiational frequency of the proximal fused gene. Studies by Martin and 
Webster (1975) and Steege (1977) have evidenced that upon reading of a poly-
cistronic mRNA the 30S ribosomal subunit which has just completed ter­
mination is not released per se but instead, in its attached form, is 
capable of initiating translation at the adjacent start codon with a 
new 50S particle. However, such a possibility is highly improbable 
since in all three reading frames translational stop signals are pre­
sent at relatively long distances (29, 43 and 51 nucleotides) from the 
ATG start codon of the Tc r gene. These termination codons are trans­
cribed from pBRH2 sequences which means that they are present on all 
hybrid M13-pBRH2 mRNA molecules. Furthermore, in addition to pPWSOl, 
we made a second plasmid bearing the promoter for gene VIII (pGS902) 
which is enlarged at the З'-terminal end of the insert (inserted M13 
sequence: nucleotide positions 1128-1510). The resistance levels con­
ferred by the latter plasmid and by pPWSOl, however, are exactly the 
same despite the fact that different termination codons are used for 
the synthesis of the fused polypeptide initiated at the ATG codon of 
the M13 gene VIII. 
Finally, from our results we have to assign an initiation site for 
transcription of the M13 nucleotide fragment located between positions 
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5615-5769 (pPW012, P50=21.5 ug/ml). This inserted sequence is known to 
contain the origin of replication of the complementary strand. It en-
compasses the two hairpins which at least on viral DNA can be recogniz-
ed by RNA polymerase giving rise to the synthesis of an RNA primer 
(Geider et al, 1978). Whether this site indeed functions as a promoter 
on bacteriophage M13 RF DNA has still to be ascertained. 
Ill 

CHAPTER VI 
Mio DNA SEQUENCES WITH A REGULATORY FUNCTION ON TRANSCRIPTION 
STUDIES WITH A TERMINATOR-PROBE PLASMID 
INTRODUCTION 
Gene expression is controlled, in part, by the level of RNA transcrip­
tion which, in turn, is regulated by a number of signals which specify 
initiation- and termination sites. These sites are located at well-de­
fined regions on the DNA genome. Regulation of transcription is achiev­
ed by modulating the efficiency with which RNA polymerase can recognize 
and interact with these sites. This is determined partially by the 
structure of the DNA regions. Sometimes transcription regulation is in­
fluenced by other factors such as effector molecules at the initiation 
event and r/?o-protein at the termination event. 
Transcription studies in vitro with bacteriophage M13 RF DNA as a 
template have indicated that at least nine defined RNA transcripts are 
formed on this genome (Edens et aly 1976, 1978a,b). The nucleotide se­
quences of the promoters where these RNA species start have been eluci­
dated (Chapter IV). All RNA species synthesized in vitro are terminated 
at a single rTzo-independent termination signal. This site, the so-cal­
led central terminator, is located immediately after gene VIII (Edens 
et al, 1975). 
By cloning procedures with the promoter-probe plasmid pBRH2 we have 
provided evidence that several of the in vitro detected promoter sites 
also function as such in vivo, whereas some others do not (Chapter V). 
Also the central termination signal, as traced by in vitro transcription 
studies (Edens et al, 1975), has shown to be operative in vivo (Rivera 
et al, 1978). On the other hand, hybridization studies with M13 speci­
fied RNAs in the infected cell suggest that two additional termination 
signals are functional on the M13 genome (Smits et al, 1980). These were 
most probably located at the З'-end of gene VI and at the З'-end of gene 
IV. 
To find out whether the M13 genome is equipped with such additional 
termination signals, we have constructed a terminator-probe plasmid. 
This plasmid, designated pPW231, has been constructed by insertion of 
the strong gene Il-promoter in front of the Tc r gene of pBRH2 in such 
a way that a unique EooRl site is located between the promoter and this 
gene. It is expected, therefore, that insertion of transcription termi­
nation signals within this unique EcoRl site will prevent transcription 
of the structural Tc r gene and, consequently, that such recombinants 
will confer a pronounced reduction in tetracycline resistance. To test 
its suitability as terminator-probe plasmid two M13 DNA fragments are 
inserted into this EcoRl site. One of these fragments contained the 
central terminator site, whereas the other contained no termination 
signal at all. Alteration of the tetracycline resistance level as a 
result of these inserted sequences was measured on cells transformed 
with these plasmids. 
In the meantime, a vector plasmid has been constructed which is ex­
pected to be suitable for studies on the control of certain proteins on 
phage-specific transcription. We have chosen for the construction of a 
plasmid bearing the strong gene Il-promoter 6 0 # 92»
 a s
 there have been 
several reports which implicate that gene V-protein exerts a negative 
influence on the synthesis of gene II-protein: 
1. purified gene V-protein, added to an in vitro transcription-trans­
lation system, reduces specifically the amount of gene II-protein 
(Horiuchi et al, 1978) 
2. the amount of gene II-protein isolated from cells infected with gene 
V amber mutant phage is substantially higher than that isolated from 
wild-type phage infected cells (Meyer and Gelder, 1978). 
Influence of gene V-protein on the activity of promoter Сд.дг was stud­
ied by insertion of gene V-containing fragments in the newly construct­
ed vector plasmid. As the Tc r gene is under control of the gene Il-pro­
moter, any effect of gene V-protein on the extent of RNA synthesis ini­
tiated at this promoter will be reflected in the tetracycline resistance 
level conferred by the recombinant plasmid. 
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MATERIALS AND METHODS 
Enzymes 
Sources of restriction endonucleases as well as other enzymes have 
been described in Chapter II. T4 DNA ligase was prepared from an in-
duced lysogen of XTAl-ig phage NM989 (Wilson and Murray, 1979; Murray 
et al, 1979) and isolated with minor modifications according to the 
method of Panet et al (1973). 
Isolation of DNA 
Plasmid DNA was isolated essentially as described by Clewell (1972). 
Plasmid preparations were extracted twice with an equal volume of phenol 
followed by precipitation with alcohol. Rapid screening of recombinant 
plasmid clones was performed on 10 ml cultures according to the method 
of Klein et al (1980). M13 RF DNA was isolated from infected cells as 
described by van den Hondel et al (1975b). M13 RF DNA fragments were 
prepared as described in Chapter V. 
Constvuabion of recorrbinant molecules 
The plasmids pPW231 and pPW241 were constructed by blunt-end ligation 
of partially EcoRI cleaved pPW202 DNA (5 yg). Linear DNA was separated 
from circular molecules by repeated electrophoresis on 1% agarose gel. 
The DNA band was visualized by staining with ethidium bromide, excised 
of the gel and the DNA was electrophoretically eluted according to the 
procedure described in the previous chapter. In order to remove any re-
sidual agarose the second elution was carried out by electrophoresis in-
to DE-52 cellulose which was placed in the positive inner compartment of 
the sample concentrator used. The cellulose was washed three times with 
50 mM Tris-HCl pH 8.0 and the DNA was eluted with a buffer containing 
100 mM Tris-HCl, 1 M NaCl, pH 8.0. Thereafter, the DNA was concentrated 
by precipitation with ethanol. Repair synthesis with dNTP and T4 DNA 
polymerase and subsequent blunt-end ligation was carried out as describ-
ed in Chapter V. 
Insertion of DNA fragments in pPW231 and pPW241 was essentially as 
described in Chapter V with the exception that the linearized vector 
prior to ligation was treated with bacterial alkaline phosphatase (BAPF) 
in order to remove the S'-ends phosphate (Ulrich et al, 1977). For this 
purpose 2 vg of plasmici DNA was digested with EaoRl in a 20 μ! volume 
containing 100 mM Tris HCl, 10 mM МдСІг, 10 тМ OTT, 50 тМ NaCl, pH 7.6 
and 4 units of endonuclease. After incubation at 37° for 30 min the re­
action volume was increased to 50 μΐ and further incubated at 65° for 
30 min in the presence of 0.6 units of BAPF. 
To remove the phosphatase, the mixture was two times extracted with 
phenol and afterwards the DNA was precipitated with ethanol. For liga­
tion experiments 0.1 yg of vector DNA and purified fragment obtained 
from EaoRl digestion of 1 yg of plasmid DNA was used. Ligation procedure 
and subsequent transformation in competant E.aoli cells was carried out 
as described in Chapter V. Transformants were selected on medium con­
taining 20 ug/ml of ampicillin. 
Oetermination of ЬеЬ асусЪъпе resistance level 
Determination of tetracycline resistance levels of cells containing 
recombinant plasmids was carried out in liquid cultures as described in 
Chapter V. The u50-value was defined as that concentration of tetracycline 
which inhibited cell-growth by 50%. 
HFSULTS 
Construction of pPW2¿l and pPW241 
Theoretically, DNA sequences can be traced for the presence of trans-
cription termination signals by insertion of DNA regions between a 
strong promoter and a gene the transcription of which is under control 
of this promoter. If a termination signal is present and termination at 
this signal is stringent, transcription will terminate prematurely and 
no RNA will be transcribed from this gene. A plasmid suitable for such 
purposes might be pPW202 (see Chapter V). This plasmid contains the M13 
gene Il-promoter (60.92) in front of the Tcr gene of pBRH2. As a result 
of the construction of this plasmid, two EcoRl sites are present of 
which one is located between the gene Il-promoter and the Tcr gene. To 
make this plasmid directly suitable for insertion of terminator-contain-
ing DNA fragments, we eliminated the CcoRI site at the 5'-end of the in-
serted M13 promoter containing fragment (tfaelll-D). 
For this purpose a partial EaoRl digest of pPW202 was prepared. Lin-
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ear DNA was p u r i f i e d twice by agarose gel e lectrophoresis and i s o l a t e d 
from the gel by e l e c t r o p h o r e t i c e l u t i o n . St icky ends generated by b'aoRl 
d i g e s t i o n were f i l l e d i n w i t h dNTP and T4 DNA polymerase and the b l u n t -
ended DNA fragments were subsequently l i g a t e d w i t h T4 DNA l i g a s e . As a 
r e s u l t , four a d d i t i o n a l base pairs were inserted i n t o pPW202 thereby 
e l i m i n a t i n g an o r i g i n a l t'aoRl s i t e . 
S'-G+AATTC-S' S'-GAATTAATTC - 3 ' 
S'-CTTAA+G-S' ~~ 3'-CTTAATTAAG - 5 ' 
E.eoli competent c e l l s were transformed w i t h the DNA mixture and t r a n s ­
formants were selected on n u t r i e n t agar plates contain ing 20 ug/ml of 
t e t r a c y c l i n e . Due to the a d d i t i o n of t h i s a n t i b i o t i c , growth of c e l l s 
transformed by DNA molecules which have ar isen by c i r c u l a r i z a t i o n of 
completely ffeoRI-digested pPW202 DNA i s prevented, since i n these mole­
cules only pBRH2 sequences are retained and, as a consequence, the t e ­
t r a c y c l i n e resistance leve l conferred by these pi asmi ds i s extremely 
low. 
E l i m i n a t i o n of only one EooRl s i t e was tested by complete d i g e s t i o n 
of i s o l a t e d plasmid DNA molecules w i t h endonuclease EceRI. Linear Plas­
mid molecules longer than pBRH2 are expected to possess only one EeoRI 
s i t e and these were selected f o r f u r t h e r s t u d i e s . The p o s i t i o n of the 
EaoRl s i t e was establ ished by double-digest ion w i t h e i t h e r EcoRl and 
P s t I or EcoRl and BamWl. The d i g e s t i o n patterns of four clones are pres­
ented i n Fig 1. The FaoRl/Pstl d igest ion p a t t e r n of two independent i s o ­
l a t e d c lones, designated pPW231 and pPW232, show t h a t two fragments are 
generated ( t racks a - b ) , one of which runs i n p a r a l l e l to a pBRH2 component 
(3588 base p a i r fragment). The other is a 1069 (+4) base pairs fragment, 
which ar ises when b'eoRI s i t e (1) is e l iminated by r e p a i r synthesis and 
subsequent blunt-end l i g a t i o n (Fig 1 ) . 
From the digests i n lanes с and d , i t can be concluded t h a t the other 
EcoRI s i t e ( r ) is e l iminated i n the two other ( i d e n t i c a l ) plasmids which 
are named pPW241 and pPW242 ( r e s u l t i n g bands: 3909+4 and 748 base p a i r s ) . 
Again one band (748 base pa i rs) runs i n p a r a l l e l to an o r i g i n a l pBRH2 
component. The other pBRH2 component is enlarged w i t h M13 fragment 
fíaeIII-D. A s im i l a r conclusion can be drawn from the d igest ion patterns 
obtained by incubat ion of these plasmids w i th endonucleases B'eoRI and 
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BamHl (Fig 1, lanes f-j 
3913 
\ 321 / 
h с d e f g h 
Fig 1 (left) Localization of the EooRl cleavage site of plasmids derived 
from pPW202. Double restriction digests of DNA obtained by treat­
ment with EaoRl and Peti (lanes a-e) or EaoRl and BamHl (lanes f-j) are 
fractionated by electrophoresis on a 1% agarose gel. The sizes are shown 
in base pairs. 
lanes a.f: pPW231
s
 lanes b,g: pPW232, lanes c,h: pPW241, 
lanes d,i: pPW242, lanes e,j: pBRH2. 
(right) Location of restriction enzyme cleavage sites of EaoRl, 
Pstl and BamHl in plasmid pPW202. Distances are indicated in base pairs. 
The hatched region refers to the M13 fragment Haelll-Ü. 
•As expected, the orientation of the integrated M13 fragment in the new 
plasmids has remained the same as in PPW202, i.e. the 5'^3' polarity of 
the viral strand is directed towards the Tcr gene. Thus, we have created 
two new vector plasmids, one with a single EaoRl site in between the M13 
gene Il-promoter and the Tcr gene {e.g. pPW231), the other with a single 
EaoRl site located at the S'-end of the M13 fragment contained in pPW202 
{e.g. pPW241). 
Cloning of M13 sequences in plasmid pPW231 
To investigate whether plasmid pPW231 is suitable as a terminator-
probe plasmid, we have inserted two M13 fragments into its unique EaoRl 
site. One of these fragments (M13 DNA fragment Haelll-C-Hapll-B2; nu-
cleotide position 1396-1924) bears in addition to the in vitro gene Ill-
promoter (X0.25) the central termination signal for transcription. As a 
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control, a second fragment has been inserted (Hinfl-D; nucleotide posi-
tion 2845-3258), which is supposed to possess no termination signal. 
For the insertion in the EaoRl site of pPW231, these fragments have 
to be supplied with sticky ends generated by EooRl digestion. Since they 
have already been cloned in the EcoRl site of pBRH2 resulting in Plas-
mids pPW301 and pPW102 (Chapter V), such cohesive ended fragments can 
easily be obtained by digestion of these Plasmids with EaoRl and iso-
lation of the M13 DNA containing EcoRl fragments. These fragments were 
li gated to linearized pPW231 and the mixture was used to transform 
E.aoli competent cells. 
Selection of recombinants, however, is hampered since growth of trans-
formants on ampicillin-containing nutrient agar plates does not discrimi-
nate between recombinant molecules and recircularized pPW231 vector mole-
cules. To ensure that the majority of the circularized plasmids are re-
combinants the ïcoRI digested pPW231 DNA was treated with alkaline phos-
phatase, prior to ligation. Removal of the 5'-terminal phosphate from 
the linearized vector prevents self-ligation and hence, circularization 
is dependent on the insertion of a 5'-phosphorylated DNA fragment. In 
this way, the number of colonies to be screened for recombinant plasmids 
was reduced. 
Transformants were selected by restriction enzyme analyses of small-
scale plasmid isolates. Since the nucleotide sequence of all M13 DNA 
fragments and of plasmid pBRH2 are known, the orientation of the inserts 
could easily be determined (data not shown). 
Ultimately, four transformants were selected for further studies. Two 
plasmids containing M13 fragment Hae\\l-Z'Hapll-%2 were called pPW2331 
and pPW2332, two Hinfl-O containing plasmids were designated pPW2312 and 
pPW2311. The inserts in the plasmids pPW2331 and pPW2312 with their 
5'->-3' polarity of the viral M13 strand were orientated towards the Tcr 
gene. The inserts of the other two plasmids had a reversed orientation. 
Influence of the inserted sequence on the expression of the Tcr gene 
is determined by growth of cells containing these plasmids in the pres-
ence of different amounts of tetracycline. Tetracycline concentrations 
at which cell growth in liquid cultures is reduced to half of the maxi-
mal value (uso) are shown in Table 1. It can be seen that the terminator-
containing plasmid pPW2331 confers a lower M50-value as compared to the 
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Table 1 PLASMID MEDIATED TETRACYCLINE RESISTANCE OF E.coli CELLS 
Plasmid 
pPW2311 
PPW2312 
PPW2331 
PPW2332 
pPW231 
pPW102 
pPW301 
ffeoRI fragment 
obtained from 
pPW102 
pPW102 
pPW301 
pPW301 
orientation 
of insert 
ч-
- > • 
-> 
ч-
Р50 
(wg/ml tetracycline) 
4.8 
20 
7.6 
2.2 
77 
2.6 
3.2 
The upper four pi asmi ds were created by insertion of the small fiOoRI 
fragments, obtained from the pi asmi ds mentioned in the second column, 
into the EcoRI s i te of pPW231. An arrow to the r ight indicates that 
the insert has the S'-O' polar i ty of the v i ra l strand directed towards 
the tetracycline resistance gene. The reversed orientation is indicat­
ed by a leftward directed arrow. Tetracycline resistance levels of 
E.ooli JA221 c e l l s , which were transformed with the various plasmids, 
were determined as described in Materials and Methods. 
vector pPW231. Surprisingly, the y50-value of pPW2332-containing cells 
was also reduced, whereas the same has been found for the other two 
transformants. This is the more str ik ing since the l a t t e r cel ls are 
transformed with plasmids which, as far as our present knowledge stands, 
do not contain any transcription termination a c t i v i t y . The implications 
of these unexpected findings w i l l be considered in the discussion. 
Influence of gene V-protein on M13 promoter G0 92 
To study the influence of gene V-protein on the gene Il-promoter G0-92, 
we used pi asmid pPW241 as a vector for the insertion of gene V. For this 
purpose, fragment Taql-C (nucleotide position 336-1127), which bears in 
addition to gene V also the upstram M13 promoters 6 0 Л 2 а п £ І ^о.об» w a s 
f i r s t cloned in pBRH2. As in the result ing plasmid (pGS512) transcrip­
tion of the M13 gene V as well as of the Tc r gene is supposed to be di rect­
ed from these promoters, screening for the appropriate recombinant plas­
mids was f a c i l i t a t e d . 
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A f t e r i s o l a t i o n , the Taql-C contain ing plasmid (pGS512) was digested 
w i t h EaoRl and the 803 base pairs-fragment was then recloned i n EcoRl-
l i n e a r i z e d , a l k a l i n e phosphatase-treated pPW241. The r e s u l t i n g recom­
binant plasmid was named pPW2452. The o r i e n t a t i o n of the i n s e r t was 
establ ished by d i g e s t i o n of the DNA w i t h several r e s t r i c t i o n endonu-
cleases. The Б'-кЗ' p o l a r i t y of the v i r a l strand was found t o be d i r e c t ­
ed towards the T c r gene (data not shown). 
As the i n s e r t i o n of fragment Taql-C does not a f f e c t the nucleot ide 
sequence between the M13 promoter G0>g2 and the T c r gene, each RNA 
t ranscr ibed from t h i s promoter i n t o the Tc r gene i s the same w i t h r e ­
gard to i t s sequence both i n pPW241 and i n the Taql-C bearing recom­
binant plasmid. Therefore, i f a d i f f e r e n c e i n the t e t r a c y c l i n e r e s i s ­
tance level is conferred by these plasmids, t h i s e f f e c t i s thought to 
be brought about by the c o n t r o l of gene V - p r o t e i n . 
Both plasmids (pPW241 and pPW2452) were t r a n s f e r r e d i n t o E.coli K38 
c e l l s and the t e t r a c y c l i n e resistance leve ls induced by these plasmids 
were measured. As shown i n Table 2, the gene V-containing plasmid pPW2452 
( P 5 0 = 3 7 yg/ml) confers a reduced t e t r a c y c l i n e resistance leve l as com­
pared to i t s vector pPW241 (u50=69 ug/ml). 
Table 2 TETRACYCLINE RESISTANCE OF E.ooli CELLS MEDIATED BY GENE V-
CONTAINING PLASMIDS 
Uso (yg/ml tet) 
Plasmid M13 fragment orientation 
K37 K38 K37/K3R 
pPW2452 Taql-C (wt gene V) 49 37 1.32 
pPW2457 Taql-C (amber gene V) 73 65 1.12 
pPW241 87 69 1.26 
M13 fragment Taql-C was o r i g i n a l l y obtained from e i t h e r w i l d - t y p e or 
отпб-НЗ RF DNA as i n d i c a t e d . Both fragments were i n s e r t e d i n t o the 
tfcoRI s i t e of pPW241 w i t h the б'+З' p o l a r i t y of the v i r a l strand d i ­
rected towards the T c r gene. The plasmids were transformed i n E.ooli 
K38 (Su") and E.ooli K37 (Su+) c e l l s and the induced t e t r a c y c l i n e r e ­
sistance levels were measured as described i n Mater ia ls and Methods. 
To ensure t h a t i t i s indeed gene V-protein t h a t is responsible f o r t h i s 
e f f e c t on the T c r gene expression, we also i n s e r t e d the Taql-C fragment 
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isolated from am5-H3 RF DNA in pBRH2 (resulting plasmid pGS522) and re-
cloned it in pPW241. The orientation of the recombinant obtained, named 
pPW2457, had an insert the orientation of which was the same as that of 
the wt-gene V-containing plasmid pPW2452. Thus, except for the amber mu-
tation within gene V, both recombinant pi asmids are expected to be iden-
tical. The P50-value conferred by the amber gene V-containing plasmid, 
however, was different, and was comparable to the value conferred by 
pPW241 (Table 2). These data suggest that gene V-protein influences 
the gene Il-promoter activity. Our results with the suppressor strain 
E.aoli K37, on the contrary, are not in accordance with these findings. 
The tetracycline resistance level exhibited by pPW2452-contaim'ng K37 
cells was lowered as compared to K37 cells transformed with pPW241 
(Table 2). A pronounced reduction was not observed with pPW2457, al-
though it was expected thatdueto the suppression phenomenon functional 
gene V-proteins should be present. These conflicting findings did not 
allow us to conclude with certainty that gene V-protein exerts a nega-
tive influence on transcription initiated at the gene Il-promoter. 
DISCUSSION 
In this chapter, the construction of a plasmid (pPW231), which bears a 
single EcdRl restriction endonuclease cleavage site located between the 
strong M13 promoter G0.92 and the Tcr gene, has been described. Its 
suitability as a terminator-probe plasmid was tested by the insertion 
of two M13 DNA fragments. One of the resulting recombinants, pPW2331, 
bears the M13 central transcription termination signal. Cells transform-
ed with this plasmid showed a u50-value which is almost 7-fold lower as 
compared to the value conferred by the original vector. Thus, at first 
glance, these data suggest that plasmid pPW231 can be used as a vector 
for the determination of termination signals present on certain DNA 
fragments. 
However, the p50-value conferred by the plasmid pPW2332, which con-
tains the same fragment as pPW2331, but in the reversed orientation, 
was even more reduced, despite the fact that no transcription termina-
tion of any RNA initiated upstream from this fragment {-i.e. promoter 
122 
G0>92 was expected. A similar unexpected value was found for pi asmi ds 
pPW2311 and pPW2312 whose inserts did contain no expected transcription 
termination signal in either orientation. 
In the previous chapter, it was observed that expression of the Tcr 
gene is influenced by the possibility of translating the messenger RNA 
at its S'-end. If there is no translation of the B'-region due to the 
absence of a ribosome binding site, a reduced expression of the Tcr gene 
was observed. A similar phenomenon might account for the reduction of 
the Tcr level in cells containing derati ves of pi asmid pPW231. As a con-
sequence of the insertion of new DNA sequences, translation which starts 
at the gene II initiation codon and which normally terminates at a stop 
codon immediately in front of the Tcr gene, might now terminate at a 
prematurely encountered out-of-phase stop codon at the 5'-end of the 
newly inserted M13 DNA sequence. Thus, a large part of the messenger 
initiated at the gene Il-promoter will remain untranslated. This, in 
turn, might influence either the half-life of the RNA molecules since 
a large part of the message is not protected by ribosomes, or the fre-
quency of transcription as suggested by Adhya and Gottesman (1978). Ac-
cording to the model proposed by these authors, rho will terminate 
transcription when it has free access to growing RNA chains. If ribo-
somes are prematurely released from the nascent chain, rho will attach 
to the unprotected mRNA and will induce transcription termination at 
the first rfco-dependent termination site. 
In order to investigate whether translation is permitted to occur 
on transcripts arisen from this part of the recombinant Plasmids, we 
have examined the predicted nucleotide sequences at the junction of the 
two M13 DNA fragments present in these plasmids (i.e. the junction be-
tween the gene Il-promoter containing fragment of pPW231 and the newly 
inserted M13 DNA fragments). These sequences are shown in Fig 2. 
At all these regions, fused polypeptides can be formed comprising 
the N-terminal 39 amino acid residues of gene II-protein, followed by 
3 amino acids which are (partially) coded by the linker DNA. In plas-
mids pPW2331 and pPW2312 translation is permitted to proceed into the 
sequence of gene VIII (40 amino acids) and gene III (1 amino acid), re-
spectively, using the original reading frame of these genes. 
Thus, on pPW2331 translation of the fused gene II-gene VIII pieces 
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v 5 0 Orientation 
gene II EacRl gene Vili 
pPW2331 \r 
pPW2332 
GTC TCC GGG GAA TTC CCC TTT AAC TCC CTG CAA 7.6 
gene II EeoRI 
GTC TCC GGG GAA TTC CCG GAA TAG GTG TAT CAC 2.2 
gene II EaoRl 
PPW2311 u и , 
GTC TCC GGG GAA TTC CAA TCT TAC CAA CGC TAA 4.8 
gene II EaoRl gene III gene VI 
PPW2312 и и i 
GTC TCC GGG GAA TTC CAG TCT TAA TC ATG CGA 20 -> 
Fig 2 Nucleotide sequences at the junctions of the M13 DNA fragments present 
in the plasmids indicated. Translational stop signals in phase 
with gene II are underlined. The nucleotides which code for a particular 
M13 gene and the position of the EcoRl linker molecule are designated. 
The tetracycline resistance levels conferred by each plasmid and the o-
rientation of the M13 fragments inserted between the gene 11-promoter 
and the tetracycline resistance gene are given. 
is terminated at the same translational stop codon as is the case for 
gene Vlll-protein on the M13 messenger RNAs. Therefore, we conclude that 
reduction of the tetracycline resistance level conferred by this plasmid 
is not due to a higher susceptability of the mRNA molecules or a reduc­
tion of the initiation of transcription but is brought about by the same 
transcription termination phenomenon as present on the M13 genome. 
In plasmid pPW2332 and pPW2311, however, translation of the fused 
gene II-protein terminates prematurely at an out-of-phase termination 
codon immediately beyond the EooRl linker (Fig 2). Consequently, in 
these cases large unprotected mRNA regions are to be expected, which in 
turn might lead to a shorter half-life of the message itself or to pre­
mature termination of transcription induced by r/io-protein. The reduced 
ysg-values of these plasmids can therefore be explained by an uncoupling 
of transcription and translation. 
We observed a mediate reduced u50-value conferred by plasmid pPW2312. 
As protein synthesis stops already after the first amino acid residue of 
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gene III has been incorporated, also in this case a long non-translated 
region on the messenger is to be expected. The observed p5[)-value sug­
gests, however, that after termination at the TAA codon, a (partial) re­
initiation of translation can take place at the proximate gene VI ΑΤΟ­
Ι ni tiation codon ultimately leading to a nascent RNA chain which is still 
covered in part with ribosomes. Reinitiation of translation at this ATG 
codon due to a rearrangement of ribosomes which have terminated trans­
lation at the proximal gene III TAA codon has been postulated to be the 
mechanism underlying the polarity among genes III, VI and I (van Wezen-
beek and Schoenmakers, 1979; Chapter IV). 
We would like to emphasize that, like on plasmid pPW2331, also on 
this plasmid translation of the insert occurs in the same reading frame 
as on the M13 genome. Therefore, any reduction of transcription of the 
Te·" gene, as reflected in the P50-value conferred by this plasmid, is 
also a proper reflection of the transcription on the M13 genome of the 
gene immediately distal to gene VI, i.e. gene I. 
From our cloning experiments with plasmid pPW231 we now have to con­
clude that plasmids can only successfully be used as a vector for the 
detection of transcription termination signals if the newly inserted 
region is integrated in such a way that it will be translated and that 
during this translation its original reading frame is used. In our ex­
periments, this is valid for the recombinant plasmid pPW2331 and (at 
least partially) for plasmid pPW2312. To examine other regions of the 
M13 genome for the presence of terminators, one has to construct plas­
mids with translational phase changes to permit translation of the RNA 
which is initiated at the upstream promoter. 
An interesting aspect of the insertion of the central terminator in 
plasmid pPW2331 is that the pso-value conferred by this plasmid is reduced to 
only 7.6 pg/ml. If transcription termination at this terminator occurs 
to completion, it is expected that the resistance level conferred by 
this plasmid is reduced to the same level as that conferred by plasmid 
pPW301. In the latter plasmid, the same M13 fragment (ДаеІІІ-С-ЯарІІ-Вг) 
is integrated in the EeoRI site immediately in front of the Tc r gene of 
pBRH2 (Fig 3). However, the resistance level conferred by plasmid 
pPW2331 is higher than that conferred by plasmid pPW301 (p50-value = 
3.2 yg/ml) suggesting that in the former plasmid transcription of the 
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EcoBI 
i 
pBflH2 'mmmmm,ñm— 
Gog: 
PPW231 ШШ/ЖЖ Ш'Тс'депе 
Τ 
pPW2331 'ШШШШ —I WfcW gene ~ 
Τ 
ІІД25 
PPW301 W/MW/m Ж Тс' gene 
Fig Ζ Schematic diagram of the inserted sequences i n f r o n t of the t e t r a ­
c y c l i n e resistance gene. Hatched regions r e f e r to pBRH2 sequences, 
the region i n d i c a t e d by a double l i n e to the M13 fragment ЯаеІІІ-D and 
the s i n g l e l i n e region to M13 fragment ЯаеІІ І-С-йарІІ-В2. The locat ions 
of the T c r gene, the M13 promoters G0 # 92 and X0.25 a n d the centra l t e r m i ­
nator (T) are as i n d i c a t e d . 
Tei" gene i s s l i g h t l y inf luenced by promoter G0.92 despite the f a c t t h a t 
a terminat ion s ignal i s present between the promoter and the T c r gene. 
The higher level cannot be a t t r i b u t e d s o l e l y t o promoter X0.25 which 
overlaps the centra l terminator s i t e f o r t r a n s c r i p t i o n since the level 
conferred by plasmid pPW301 i s two-fo ld lower. 
The f o l l o w i n g explanations might be given f o r t h i s f i n d i n g : 
1. t r a n s c r i p t i o n terminat ion a t the c e n t r a l terminator is not s t r i n g e n t . 
The terminator s ignal a c t u a l l y funct ions as an a t t e n u a t o r . With the 
a id of in vitro t r a n s c r i p t i o n studies Edens et al (1978a) have found 
t h a t about 10% of the RNA molecules leak through the centra l terminator 
s i t e . The same phenomenon may also hold true i n the i n f e c t e d c e l l 
2. i n i t i a t i o n of RNA synthesis a t promoter X0.25 i s dependent on t r a n s ­
c r i p t i o n terminat ion of messages i n i t i a t e d more upstream. We already 
suggested i n the previous chapter t h a t the RNA polymerase binding s i t e 
of gene I I I i s not d i r e c t l y accessible to r e c o g n i t i o n by RNA polymerase 
and t h a t RNA synthesis from the gene I l l - p r o m o t e r could only be achiev­
ed i f terminat ion of t r a n s c r i p t i o n at t h i s s i t e occurs simultaneously. 
We favour the l a t t e r p o s s i b i l i t y since evidence is accumulating t h a t 
i n the i n f e c t e d c e l l RNAs are present which are i n i t i a t e d a t promoter 
X 0 t 25 (M. Smits, personal communication). This would then mean t h a t on 
the M13 genome the expression of the minor coat proteins encoded by the 
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genes I I I and V I , which form together wi th gene I an operon, is i n -
f luenced by the frequency of t r a n s c r i p t i o n of the major coat p r o t e i n -
gene located proximal to t h i s operon. 
In order to inves t iga te the e f f ec t o f gene V-prote in on t r ansc r i p -
t i o n of RNA i n i t i a t e d at promoter G0#92 we have undertaken to i nse r t 
the gene V-containing fragment Taql-C, i so la ted from e i t he r w i ld - type 
or am5-H3 RF DNA, in to the unique EaoRl s i t e of plasmid pPW241. Due to 
the loca t ion of t h i s EeoRI s i t e , i t is expected tha t RNA molecules i n -
i t i a t e d at promoter G0-92 are not a f fec ted w i th regard to t h e i r primary 
s t r uc tu re . Measurements of the te t racyc l i ne resistance levels of K38 
(Su~) ce l l s containing the recombinant plasmids ind icate tha t gene V-
pro te in exerts a negative inf luence on the gene I l -promoter a c t i v i t y . 
The f i nd ing tha t the amber gene V contain ing plasmid (pPW2457) confers 
no s i g n i f i c a n t reduct ion o f \i50 i n the K37 (Su+) c e l l s , however, is 
not i n agreement w i th th i s r e s u l t . 
General ly, the M50-values of K38 ce l l s were somewhat lower than those 
of K37 ce l l s whi.ch were transformed wi th the same plasmid. Though the 
r a t i o of p5 0-values of both c e l l types induced by plasmid pPW2457 i s 
only s l i g h t l y lower than the r a t i o induced by plasmids pPW2452 and 
pPW241 (see Table 2 ) , the conclusion tha t gene V-prote in cont ro ls the 
gene I l -promoter a c t i v i t y cannot be drawn on basis of these data. On the 
other hand, i t is known tha t gene V-protein exerts a cooperative e f f e c t 
on the binding to s ingle-st randed DNA and tha t t h i s e f f e c t i s s t rong ly 
concentrat ion dependent (Oey and Knippers, 1972; Alberts et al, 1972). 
Furthermore, the serine s u b s t i t u t i o n , introduced w i t h i n gene V-prote in 
i n case E.coli K37 i s transformed wi th pPW2457, enhances the l a b i l e 
character of gene V-prote in (o f Hulsebos, 1980). This l a b i l e character 
and the lower amounts of gene V-prote in under suppressed condi t ions might 
account f o r our observation tha t the a n t i b i o t i c resistance level was not 
reduced i n E.coli K37 ce l l s containing pPW2457. Further studies are need-
ed to be absolute ly sure tha t gene V-prote in exerts a modulating e f f e c t 
on RNA synthesis i n i t i a t e d a t promoter G0 -92. 
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SUMMARY 
Bacteriophage M13 belongs to the smallest viruses known. In the last 
few years a rapid progress has been made toward an understanding of 
the molecular biology of this phage and the filamentous coliphages in 
general. As the phage DNA genome comprises only a very limited number 
of genes and, consequently, the reproduction of this small phage is 
largely dependent on host functions, it serves as an attractive model 
a system for unravelling the complex mechanisms of DNA replication 
and gene expression. For a more detailed understanding of the regula-
tion phenomena involved in the various steps of multiplication of the 
phage particle, elucidation of the nucleotide sequence of its DNA 
genome is a prerequisite. 
The first part of this" thesis deals with the nucleotide sequence of 
this relatively small bacteriophage genome. In Chapter I a survey on 
the present knowledge of the filamentous phage M13 and its close rela-
tives fd and fl is given. In addition, the principles are described of 
a number of DNA sequencing methods which have been used in elucidating 
the M13 DNA sequence. 
The complete nucleotide sequence of M13 viral DNA, which encompasses 
6407 bases, is presented in Chapter II. A computer search was made for 
several restriction endonuclease cleavage sites and a complete restric-
tion map of M13 DNA has been given. 
To locate the coding regions of the genes within the nucleotide se-
quence, we made use of several conditionally lethal mutants in each 
gene (Chapter III). By sequencing the appropriate regions of each mu-
tated gene, the exact positions of the base changes could be traced. 
This knowledge provided the necessary information about the different 
reading frames used and, consequently, about the exact position of each 
gene within the established nucleotide sequence. The amino acid sequenc-
es of all gene products could be deduced, including those of gene VI 
and gene VII, the products of which have never been detected before. 
Moreover, the coding region of the hypothetical gene IX has been traced. 
The nucleotide sequence established for genes VIII and III now also 
made clear that the capsid proteins encoded by these genes are syn-
thesized in the infected cell in a precursor form containing 23 and 18 
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extra amino acids, respectively, at their N-terminal ends. 
In terms of genetic organization it is striking that in particular 
the M13 genes which form regulatory units (opérons) are separated by 
extremely short regions. In a few cases genes partially overlap. Two 
four base pairs overlaps can be found between the genes VII, IX and 
VIII, whereas the З'-terminal end of gene I intrudes 23 nucleotides 
into gene IV. Gene X, the product of which has been detected so far 
only in vitro, completely overlaps the З'-terminal part of gene II. As 
concluded from the DNA sequence, its synthesis is achieved using the 
gene II-protein reading frame. 
The non-coding part of the M13 genome, which comprises 8.9% can 
roughly be divided into two large regions. In one of these regions 
(between genes VIII and III) the central terminator for transcription 
is located. The other region, which is located between the genes IV 
and II, contains the origins for the complementary and viral DNA strand 
synthesis. The secondary structures which can be formed within these 
large non-coding regions and their possible functions are discussed in 
Chapter IV. In addition, the various regulatory signals of each gene, 
i.e. the ribosome binding sites and the promoter sites have been com­
pared. 
In the second part of this chapter, the M13 nucleotide sequence has 
been compared with that of the related bacteriophage fd, the sequence 
of which has been determined during the course of our work. M13 DNA ap­
pears to be only a single nucleotide shorter than fd DNA. There exists 
an average of 3.0% of nucleotide differences between the two genomes, 
but the distributions of these changes are not random. The majority of 
these base changes are located at the third base of each triplet. Fur­
thermore, in a large part of these changes, the base thymine is in­
volved. The nucleotide sequence and the positions of the regulatory 
elements involved in transcription, translation and replication appear 
to be identical in both filamentous phage genomes. 
Since all M13 promoter regions discussed in Chapter IV have been de­
duced from the results of in vitro transcription studies, we felt it 
necessary to find out whether these hypothetical promoters also exert 
this function in vivo. For this reason, the various in vitro M13 pro­
moters were inserted into the promoter-probe pi asmid pBRH2 which con-
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fers tetracycline resistance in case a promoter-containing DNA fragment 
is inserted in front of the resistance gene. Our results, described in 
detail in Chapter V, permitted us to conclude that indeed promoter 
functions can be assigned to the M13 DNA sequences in front of the 
genes VIII (IX), X, II and IV for which a promoter function has been 
postulated on the basis of in vitro experiments. No such functions are 
found for the in vitro promoters located in front of the genes VI and 
I, which is in full agreement with previous genetic data suggesting 
that genes III, VI and I form an operon. 
In the last chapter we describe the construction of a plasmid in 
which the strong gene Il-promoter is inserted in front of the tetra-
cycline resistance gene of pBRH2 in such a way that the resulting re-
combinant plasmid has the potential to be applied as a terminator probe-
plasmid. Its validity has been studied by insertion of M13 DNA fragments, 
one of which contained the central terminator. The results obtained led 
us to conclude that transciptional terminators can be traced faithfully 
only in case the DNA fragment is inserted in such a way that concomi-
tant with transcription the DNA insert is translated using its original 
reading frame. Premature termination can occur most probably with any 
fragment if transcription and translation are uncoupled. 
Evidence is also provided that termination of transcription at the 
central terminator enhances the frequency of RNA synthesis at the gene 
Ill-promoter which forms an integral part of the terminator signal. 
Finally, in the last chapter also some cloning experiments are des-
cribed in which gene V is inserted in a gene Il-promoter containing 
plasmid. These experiments have been performed with the purpose to find 
out whether in the infected cell the gene V-protein exerts a regu-
latory function on the transcription frequency of gene II. The latter 
assumption, as suggested in several reports, could not be confirmed un-
ambiguously by our experiments. 
SAMENVATTING 
Bacteriofaag M13 behoort tot de kleinste DNA virussen die bekend zijn. 
In de afgelopen jaren is de kennis aangaande de moleculaire biologie 
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van deze faag en van de filamenteuze col i fagen in het algemeen enorm 
toegenomen. Omdat de faag over een DNA genoom beschikt met slechts een 
zeer gering aantal genen, en omdat het dientengevolge voor zijn verme-
nigvuldiging grotendeels afhankelijk is van gastheerfunkties, fungeert 
het als een aantrekkelijk modelsysteem voor de ontrafeling van de com-
plexe mechanismen die een rol spelen bij DNA replicatie en gen-expres-
sie. Om een meer gedetailleerd beeld te verkrijgen van de regulatie-
processen die betrokken zijn bij de diverse stadia van de vermenigvul-
diging van het faagdeeltje, is opheldering van de nucleotide-volgorde 
van het DNA een eerste vereiste. 
Het eerste deel van dit proefschrift heeft de nucleotide-volgorde 
van dit relatief kleine bacteriofaag-genoom tot onderwerp. In Hoofdstuk 
I wordt een overzicht gegeven van de huidige kennis van de filamenteuze 
faag M13 en van de zeer nauw verwante fagen fd and fl. Bovendien worden 
hier de grondbeginselen weergegeven van een aantal technieken die zijn 
gebruikt bij de opheldering van de base-volgorde van het bacteriofaag 
M13 DNA. 
De complete nucleotide-volgorde van het bacteriofaag M13 DNA - be-
staande uit 6407 basen - wordt getoond in Hoofdstuk II. Met behulp van 
een geschikt computerprogramma zijn knipplaatsen van verschillende 
restrictie-enzymen opgezocht en is een volledige splitsingskaart van 
het M13 DNA bepaald. 
Teneinde de coderende gebieden van de genen binnen de nucleotide-
volgorde te kunnen aangeven, hebben wij gebruik gemaakt van conditio-
neel lethale mutanten (Hoofdstuk III). Door bepaling van de base-volgor-
de van het juiste gebied in ieder gemuteerd gen, kon de positie van de 
base-verandering zeer nauwkeurig worden vastgelegd. Hierdoor werd in-
formatie verkregen over de verschillende "lees-ramen" die worden ge-
bruikt en kon de exacte positie van ieder gen in de reeds bekende nu-
cleotide-volgorde worden afgebakend. De aminozuur-volgorde van alle ge-
nen kon hierdoor worden afgeleid, waaronder ook die van de genen VI en 
VII, waarvan de gen-produkten tot op dat moment nog niet eerder waren 
aangetoond. Bovendien kon het coderende gebied van het hypothetische 
gen IX worden bepaald. Uit de nucleotide-volgorde van de genen VIII en 
III is nu ook gebleken dat de manteleiwitten, gecodeerd door deze ge-
nen, gesynthetiseerd worden in de vorm van een precursor-molecuul met 
23, respektievelijk 18, aminozuren extra aan het N-terminale einde. 
Het is opvallend dat vooral de M13 genen die een regulatoire een-
heid (operon) vormen, gescheiden worden door uitermate korte niet-code-
rende gebieden. Sommige genen zelfs overlappen elkaar gedeeltelijk. Bij 
de genen VII, IX en VIII kunnen 2 overlappende gebieden van 4 baseparen 
gevonden worden, terwijl de genen L en IV 23 nucleotiden gemeenschappe-
lijk gebruiken. Gen X, waarvan het produkt tot nu toe uitsluitend in 
vitro is waargenomen, ligt volledig in het S'-terminale gedeelte van 
gen II. Zoals uit de base-volgorde blijkt, wordt de synthese van X-pro-
tein verkregen door gebruik te maken van het "lees-raam" van gen II. 
Het m'et-coderende gedeelte van het M13 genoom, dat 8,9% van het to-
tale aantal basen beslaat, kan grofweg onderverdeeld worden in 2 grote 
gebieden. In een van deze gebieden (tussen de genen VIII en III) is de 
centrale terminator voor transcriptie gelegen. Het andere gebied, gele-
gen tussen de genen IV en II, bevat de startplaatsen ("origins") voor 
de synthese van de complementaire en de viral streng. De secundaire 
strukturen die gevormd kunnen worden in deze grote, niet-coderende ge-
bieden en de mogelijke rol die zij vervullen, worden besproken in Hoofd-
stuk IV. Bovendien worden de verschillende regulatoire elementen, zoals 
ribosoombindingsplaatsen en promoters met elkaar vergeleken. 
In het tweede gedeelte van dit hoofdstuk is de nucleotide-volgorde 
van M13 DNA vergeleken met die van de verwante bacteriofaag fd, waar-
van de base-volgorde in dezelfde periode is opgelost. M13 DNA bevat 
slechts 1 nucleotide minder dan fd DNA, terwijl het verschil tussen 
de beide genomen 2% van het totale aantal nucleotiden bedraagt. Deze 
verschillen zijn echter niet willekeurig op het DNA gerangschikt. De 
meerderheid van de base-veranderingen is gelegen in de derde base van 
ieder triplet. Opvallend is bovendien dat bij een groot gedeelte van 
deze veranderingen de base thymine is betrokken. De base-volgorde en 
de posities van de regulatoire elementen die betrokken zijn bij trans-
criptie, translatie en replicatie blijken identiek te zijn in beide ge-
nomen van deze filamenteuze fagen. 
Omdat de M13 promotergebieden, zoals besproken in Hoofdstuk IV, be-
paald zijn op grond van resultaten die verkregen zijn via in vitro 
transcriptiestudies, was het noodzakelijk te bewijzen dat deze hypothe-
tische startplaatsen ook als zodanig in vivo funktioneren. Om deze re-
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den werden verschillende in vitro M13 promotergebieden gedoneerd in het 
promoter-gevoelige plasmi de pBRH2. Dit Plasmide induceert tetracycline-
resistentie, indien een promoter bevattend DNA fragment vlak voor het 
tetracycline-resistantie-gen geïnserteerd wordt. Uit de resultaten die 
beschreven zijn in Hoofdstuk V bleek dat inderdaad een promoter funktie 
toegeschreven kon worden aan de in vitro promoters van de genen Vili 
(IX), Χ, II en IV. Een dergelijke in vivo funktie werd niet gevonden 
voor de eveneens op grond van in vitro studies gepostuleerde promoter­
gebieden voor de genen VI en I, hetgeen volledig in overeenstemming is 
met de reeds eerder gevonden polariteit tussen deze genen en het eraan 
voorafgaande gen III. 
In het laatste hoofdstuk wordt de constructie beschreven van een 
Plasmide, waarin de sterke gen Il-promoter zodanig geïnserteerd is voor 
het tetracycline-resistentie-gen van pBRH2 dat het plasmide gebruikt 
kan worden voor het opsporen van transcriptie-terminatoren. De bruik-
baarheid van het plasmide is bestudeerd door insertie van M13 DNA frag-
menten, waaronder een fragment dat de centrale terminator bevat. De re-
sultaten wijzen erop dat transcriptie-terminatoren alleen op een be-
trouwbare wijze opgespoord kunnen worden als het te testen DNA fragment 
zodanig wordt geïnserteerd, dat gelijktijdig met de RNA synthese ervan 
vertaling kan plaatsvinden in het oorspronkelijke "lees-raam". Wanneer 
transcriptie en translatie ontkoppeld zijn, zal zeer waarschijnlijk 
vroegtijdige transcriptie-terminering optreden. Het wordt tevens aan-
nemelijk gemaakt dat terminering van de RNA synthese bij de centrale 
terminator een stimulerende invloed heeft op de hoeveelheid RNA die ge-
synthetiseerd wordt vanaf de gen Ili-promoter, die een integraal onder-
deel vormt van dit termi neringssignaal. 
Tot slot worden in het laatste hoofdstuk ook enige cl oneringsexper-
menten beschreven, waarin gen V geïnserteerd wordt in een gen Il-pro-
moter bevattend plasmide. Deze experimenten hadden tot doel om na te 
gaan of in de geïnfecteerde cel gen V-proteïn een regulerende invloed 
uitoefent op de mate van RNA synthese van gen II. Dit idee, dat reeds 
door verschillende groepen was geopperd, kon niet eenduidig bevestigd 
worden door onze experimenten. 
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STELLINGEN 
I 
De veronderstel l ing van Engelberg-Kul ka dat filamenteuze colifagen zich 
slechts dan kunnen vermenigvuldigen, indien op het UGA-termineringscodon 
van gen IX doorlezing van de eiwitsynthese plaatsv indt, is volkomen spe­
c u l a t i e f . 
Engelberg-Kulka, H. (1981) Nual. Acids Res. 9, 985-991. 
Engelberg-Kulka, H., Dekel} L., Israeli-Reches, M. en Belfort, M. (1979) 
Motea, gen. Genet. 170, 1 SS-159. 
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De bewering van Tsai en medewerkers, dat direct na de synthese een na­
genoeg volledige poly-adenylering plaatsvindt van de ovalbumine en ovomu-
coide precursor-RNA's wordt niet voldoende gestaafd door hun experimenten. 
Tsai, M.-J., Ting, A.C., Nordstrom, J.L., Zimmer, V!. en O'Malley, B.W. 
(1980) Cell 22, 219-230. 
Ill 
Het vinden van een Κ,η bij een transportproces over een biologische mem­
braan betekent niet α priori dat bij dat transport een translocator be­
trokken is. 
Theuvenet, A.P.R. en Borst-Pamels, G.W.F.H. (1979) XIth International 
Congress of Bioohemistry (abstracts), 449. 
IV 
De waargenomen cross-reactiviteit tussen ara-C en ara-U in de radioimmu-
no-assay beschreven door Okabayashi en medewerkers maakt deze assay on­
geschikt voor een nauwkeurige bepaling van ara-C-concentraties in bloed­
monsters. 
Okabayashi, T., Mihara, S., Repke, D.B. en Moffatt, J.G. (1977) Cancer 
Res. ZT, 619-624. 
ν 
De waarneming van Porter en medewerkers dat polyribosomen z i j n geasso­
cieerd met het detergens-oplosbare microtrabeculaire netwerk is n iet te 
verenigen met experimenten van de groep van Penman die suggereren dat 
polyribosomen achterbl i jven in geïsoleerde cytoskeletten. 
Wolosewiak, J.J. en Porter, K.R. (1979) J. Cell Biol. 82, 114-139. 
Lenk, R., Ransom, L., Kaufmann, У. en Penman, S. (1977) Cell 10, 67-78. 
Sohliwa, M. en Blerkom van, J. (1980) Eur. J. Cell Biol. 22, 352. 
VI 
De conclusie van Larsen en medewerkers dat in de eerste 85 nucleotiden 
van het S'-terminale uiteinde van pol iovirus RNA geen potentieel GUG 
in i t ia t iecodon voorkomt, is i n s t r i j d met de door henzelf gepresenteer­
de gegevens. 
Larsen, G.R., Semler, B.L. en Wirmer, E. (1981) J. Virol. 37, 328-335. 
VII 
Bestudering van het anaerobe allantoine mechanisme bij micro-organismen 
wordt aanzienlijk vergemakkelijkt, indien als analysemethode isotacho-
forese wordt toegepast. 
Vogels, G.D. en Drift van der, C. (1976) Baat. Rev. 40, 403-468. 
VIII 
B i j de ontwikkeling van een vaccin ter b e s t r i j d i n g van malaria dient 
voorkeur gegeven te worden aan de bereiding van een anti-sporozoïeten 
vaccin. 
IX 
De vooral ten t i j d e van de verkiezingen veelvuldig voorkomende opinie-
onderzoeken dreigen steeds meer een opinie-vormend karakter te k r i jgen . 
X 
Hulpverlenende instanties houden zich in stand, zowel ten gunste, als 
ten koste van hun cliënten. 
Nijmegen, 19 juni 1981 Peter M.G.F, van Wezenbeek 

